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Abstract 
Formates provide an already superior system, designed to complement synthetic 
polymers and extend their temperature capabilities as drilling fluids. However, as 
HPHT drilling continues to move into more harsh environments with expected 
bottom-hole temperatures of over 300°C; further research is required to improve 
the temperature ceiling of eco-friendly formate drilling fluids. 
The overall aim of the project was to develop a well construction fluid capable of 
withstanding ultra and possibly extreme HPHT temperature measures. As a result 
of this research, a measured combination of polyglycol sacrificial agent and 
MagOx has been found to inhibit the degradation of xanthan gum in formate 
brine so it remains stable after 16 hours dynamic ageing at 200ºC without the 
use of any synthetic materials. However; a formate system comprised of xanthan 
gum and synthetic HE® polymer was proven to function incredibly well at ultra-
HPHT temperatures in excess of 250ºC for >64 hours. Thus, through utilization of 
improved HPHT testing equipment, it is hypothesized that the formate system 
and HE® polymers will remain stable in extreme HPHT circumstances i.e. over 
260ºC. 
Further, there has been some dissimilarity to the literature with regards to the 
solubility of biopolymers in formate solutions where it has been discovered that 
viscosity actually increases with even less water available for hydration. It was 
found that the highly alkaline environment and/or buffer effect was inhibiting 
viscous characteristics and not the extreme concentration of salts dissolved in 
formate solution. The present study has also confirmed that; the order of 
stabilizing effects of individual cations in formate solutions generally follows the 
Hofmeister series of cations; Li+, Cs+, Na+, K+ with the response becoming more 
pronounced at higher salt concentrations. Thus, increased temperature stability 
of polymers and other additives can easily be achieved through simple 
manipulation of the formate base brine. Additionally, a significant increase in 
xanthan Tm of 177ºC in 2.20g/cm
3 caesium formate was measured in the current 
stock - 20ºC higher than original values recorded for the Formate Manual.  
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Chapter 1 : Introduction 
Drilling industry emphasis in recent years has been largely focused on controlling 
the rise in drilling costs by designing fluids which reduce the time required to drill 
the well i.e. faster penetration and less hole-problems. However, the search for 
petroleum is becoming increasingly extreme in terms of depths, temperatures and 
pressures, and more challenging HPHT (high-pressure, high temperature) drilling 
operations are being explored. As a result, there has been a rise in the demand to 
develop fluid additives or polymers which can enhance stability of drilling fluids to 
perform effectively under these intense conditions. This chapter provides a general 
background and literature review relevant to the main project aims and 
objectives. 
1.1 Drilling, Completion and Work over Fluids 
1.1.1 Properties of Drilling Fluids 
A drilling fluid (sometimes referred to as a drilling mud) is a circulating fluid 
composed of a complex blend of materials, used in rotary drilling. It is designed to 
perform any or all of the various functions required to enable successful 
completion of a drilling operation (Fink 2011).  
 
Figure 1.1 Drilling Fluid Circulation System (Adapted from Baker 2001) 
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During the circulation process (Figure 1.1); the drilling fluid is pumped down the 
drill string and sheared through the drill bit, which then flows back up the annulus 
to transport cuttings from the borehole to the surface for disposal (Baker 2001). 
However, since the oil industry has advanced to drilling in more adverse 
environments, it is essential that drilling mud’s are continuously improved in order 
to satisfy the various operational demands and challenges that occur in 
problematic subterranean wells (Caenn, Darley and Gray 2011).   
In addition to cuttings removal, several other basic functions are required of 
today's drilling fluids, such as (Apaleke, Al-Majed and Hossain 2012; Fink  2011); 
 Cool, clean and lubricate the bit, 
 reduce friction between the drill string and the side of the hole, 
 control subsurface formation pressures, 
 overcome the fluid pressure of the formation, 
 suspend cuttings if drilling is discontinued, 
 wall the hole with a thin, low permeability filter cake, 
 inhibit reactions with water-sensitive shale and 
 avoid damaging the producing formation. 
These fundamental properties are either obtained from specialized additional 
products, or inherited naturally from the continuous phase or base fluid.  
 
1.1.2 Types of Drilling Fluids 
In rotary drilling, drilling muds are classified according to the primary base fluid 
used in their preparation. Traditionally, these are either water, oil, or gas-based, 
which are applied dependent on individual well characteristics, down-hole 
properties and cost considerations. Gas-based drilling mud’s are cheap and readily 
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available, but are often not used in oil and gas applications as they are unsuitable 
for drilling through water bearing zones. Water based muds in general, are still 
the most commonly used fluid type worldwide; however certain limitations render 
them inadequate for the more advanced drilling applications. Moreover, oil-invert 
emulsion based fluids are widely known in industry to be the most stable and 
effective when drilling in areas where the formation is water-sensitive and an 
extremely high geothermal gradient can cause concern. However, due to the 
increasing awareness and pressure from environmental agencies, as well as high 
costs of cuttings and fluid disposal, water-based mud’s which simulate the 
performance of oil-based drilling fluids, are rapidly becoming more popular – for 
example, formate-based fluids (Apaleke, Al-Majed and Hossain 2012).  
In addition, a relatively new generation of drilling muds based on synthetic fluids 
(e.g. esters, ethers, and polyolefins) have been designed to employ the 
advantages of oil-based muds, without the stringent environmental restrictions 
and cost involved with their disposal (Caenn and Chillingar 1996). Still, drilling 
waste associated with synthetic based muds is considerably less dispersible than 
water-based fluids, as their counterparts can often sink to the seafloor and cause 
potential environmental concern towards aquatic life (Sadiq et al. 2003). 
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Table 1.1 General Advantages and Disadvantages of Drilling Mud Classifications 
Properties 
Mud Classification 
Water-Based 
Mud 
Formate-
Based Mud 
Oil-Based 
Mud 
Synthetic-
Based Mud 
Thermal 
Stability 
    
Shale Inhibition     
Low Solids 
Loading 
    
High ROP     
Lubricity     
Fluid Loss 
Control 
    
Bacterial 
Control 
    
Low Toxicity     
Cost     
Environmental     
Low Corrosivity     
 
KEY: Very Good   Good    Bad   
Table 1.1 characterizes the different base mud types and their general superiority 
ratings with regards to individual fluid properties. Advantages and disadvantages 
of each are heavily evaluated with regards to the mud selection process for 
specific well considerations. 
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1.1.3 Reservoir Drilling Fluids 
In recent years, advanced drilling technologies such as high-angle, multilateral, 
slim-hole, high-pressure, high temperature (HPHT), deep discovery wells have led 
to the development of a special class of maximum performance drilling fluids, 
more commonly referred to as reservoir drilling fluids (RDF’s) or “drill-in” fluids.  
These are essentially completion fluids, which possess the multi-functional 
requirements of a drilling fluid in addition to the non-damaging behavioural 
characteristics of a low-solids brine or oil-fluid. In the field, engineers replace the 
conventional drilling fluid with a “drill-in” fluid of a similar base just before the pay 
zone has been reached, then if applicable it can be utilized until the end of the 
completion operation (Fink  2011; Ezell et al. 2010).   
RDF’s are designed primarily to optimize wellbore productivity by preventing 
formation damage in the producing interval. Other important characteristics 
required of RDF’s include; superior hole cleaning, increased rate of penetration 
(ROP), with low equivalent circulating densities (ECD’s), reduced sag of weighting 
material, and a decreased wellbore clean-up effort. High ECD’s are typical of high 
density solids loading in conventional mud’s which in turn can increase the risk of 
fracturing the formation making it necessary to reduce circulation rates, thus 
reducing ROP and compromising hole cleaning, providing a negative “knock-on 
effect” (Ezell et al. 2010; Berg et al. 2007). A “drill-in” fluid that can maintain 
effective suspension properties over a broad spectrum of conditions is 
representative of a good RDF which in turn, will promote favourable hole-cleaning 
and alleviate sag issues. These exceptional fluids are always formulated to 
enhance low shear rate viscosities, effectively lowering ECD’s and minimizing rig 
time by allowing drilling to proceed at a faster rate (higher ROP).   
Solids such as calcium carbonate or sized salts are selected to provide some 
density and fluid loss control in most “drill-in” fluids, as they are acid-soluble and 
therefore, easily removable for an effortless clean-up. However, the ultimate 
objective is to provide density without the use of excess weighting agents (which 
can result in undesirable high plastic viscosities and clean-up difficulties); this can 
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be achieved by the utilization of high density brine systems (Caenn, Darley and 
Gray 2011; Ezell et al. 2010).   
Although water and oil-phase fluid RDF systems still exist, most of those which are 
utilized in recent field operations have been brine based “drill-in” fluids (Ezell et al.  
2010). Therefore, the development of an improved performance brine-based 
system which can function effectively in extreme thermal and pressure conditions 
while drilling complex formations is of industry wide interest.  
 
1.1.4 Completion and Work over Fluids 
After the drilling phase of a well is complete, the drilling mud will be replaced by a 
clean non-damaging fluid for completion and work over operations. Completion 
fluids are used to facilitate final operations prior to the initiation of production 
such as setting production liners, packers, down-hole valves or perforating into 
the producing zone. They are usually solids-free, low-solids brine or oil-based 
fluids designed to exert minimal impairment on the productive formation or 
reservoir. Solids-laden fluids are generally undesirable in this respect as they can 
block equipment, preventing tools from being set correctly, and cause plugging of 
perforations and gravel packs ultimately leading to an overall reduction in 
productivity. Non-aqueous oil or synthetic based fluids are also used in 
completion, but require a more complicated clean-up process where a sequence of 
surfactant pills have to be circulated to remove mud residue from the wellbore and 
casing (Caenn, Darley and Gray 2011; Moroni, Fraser, et al. 2008).  
The term “work over” is used to describe a process involving the repair or 
stimulation of a well to enhance productivity if the original hydrocarbon yield after 
completion is lower than expected. Therefore, a work over fluid is required to 
provide hydrostatic well control and often fluid loss properties during intervention 
procedures (Gonzales, Quintavalla, et al. 2013). Their characteristics are generally 
similar to those of completion fluids and it is customary for the same fluid to be 
re-used in both operations. 
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1.1.5 HPHT Wells and Drilling Fluids 
The continuing growth in the industrial demand for energy has led to oil and gas 
reserves being sought after in increasingly more extreme environments with 
regards to greater depths, pressures and temperatures. Thus, the requirement for 
innovative new fluid technologies is of utmost industry interest for the future of 
high pressure/high temperature oil and gas drilling and completion applications. 
The most common definition of a standard HPHT condition is; a well accompanying 
temperatures and pressures which are likely to exceed 150ºC and 10,000psi 
respectively (or with a pore pressure higher than 0.8 psi/ft.). 
 
Figure 1.2 Matrix of High Pressure/High Temperature operation (Adapted from 
(Shadravan and Amani 2012) 
Generally speaking, there are three categories of HPHT drilling; standard HPHT, 
ultra-HPHT and extreme HPHT and their conditions are all depicted in Figure 1.2. 
Different service companies, operators etc. have their own definitions for HPHT 
classification; most of which are very similar, however ultra and extreme HPHT 
are reversed in some cases depending on the corporation (see Table 1.2). With 
regards to the current study; for improved consistency, reference to Figure 1.2 
will be employed for all further HPHT stipulations (Shadravan and Amani 2012; 
Madu and Akinfolarin 2013). 
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Table 1.2 Varied starting temperatures and/or pressures for HPHT, ultra-HPHT and 
extreme-HPHT conditions from the different oil service companies (Adapted from 
(Shadravan and Amani 2012) 
Company 
Baker Hughes Schlumberger Halliburton 
Pressure 
(psi) 
Temp 
(ºC) 
Pressure 
(psi) 
Temp 
(ºC) 
Pressure 
(psi) 
Temp 
(ºC) 
Standard 
HPHT 
15,000 177 10,000 150 10,000 150 
Ultra-HPHT 20,000 204 20,000 205 20,000 200 
Extreme-
HPHT 
30,000 260 35,000 260 15,000 175 
 
Due to the relatively short history of HPHT advances, the additional challenges in 
which modern drilling fluids need to contend with compared to conventional 
practices are;  
 Increased mud weights: The mud weight requirement is normally much 
higher for HPHT drilling as formation pressures increase progressively the 
deeper the distance drilled so the equivalent density is needed for well 
control purposes. Issues with barite sag and gelation are incessant 
obstacles for HPHT drilling fluids with regards to high frictional losses during 
circulation and unacceptable ECD’s, so the utilization of high density base 
fluids is recommended to reduce solids loading. Further, mud weight must 
be closely monitored due to narrow operating windows between the 
formation pressures and corresponding fracture tension (Godwin Jr., 
Ogbonna and Boniface 2011). 
 Low ROP in the producing zone: Due to highly compacted formation 
geometries at HPHT depths, ROP is much slower and in some cases is being 
reported as only 10% of the speed of ordinary drilling conditions 
(Shadravan and Amani 2012). Thus, the HPHT fluid should be engineered 
towards minimizing any further decrease in ROP i.e. lower viscosity. 
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 Corrosion: An influx of acid gases, either carbon dioxide (CO2) and/or 
hydrogen sulfide (H2S) from the reservoir are the most probable causes of 
corrosion in HPHT circumstances. Since corrosivity is determined in part by 
pH; the rates of general and pitting corrosion are substantially increased in 
fluids not protected by an alkaline buffer system (Howard and Downs  
2009). 
 Polymer degradation at HPHT: In conventional water-based drilling 
fluids, common biopolymers tend to degrade quickly in HPHT environments 
causing the suspension and fluid loss attributes to fail. For this reason, 
synthetic polymers are selected for use at higher temperatures - but they 
normally lack the shear thinning characteristics of natural polymers so 
rheological properties become less ideal. Additionally, even with the 
utilization of novel synthetic materials, at some point they are likely to also 
degrade especially in ultra and extreme HPHT territories. 
 
For this reason, advances in mud design are of key importance as the future of oil 
well drilling is progressively moving into deeper wells with even higher 
temperatures and pressures so the current categories of HPHT will only increase 
further in coming years. 
 
1.2 Applications of Formate Brines in the Drilling Industry 
1.2.1 Formate Brines as Drilling, Completion and Work over Fluids 
Formate brines are the aqueous solutions of alkali metal salts of formic acid. They 
are monovalent, low-solids, high density, environmentally safe clear fluids which 
exhibit non-damaging behaviour in the reservoir (Howard 2011a). Figure 1.3 
illustrates the three formates considered most useful to the oil industry by order of 
increasing density and solubility; sodium, potassium and caesium formate. They 
are extremely soluble in water to provide an ideal base for any reservoir drilling or 
completion fluid, without the added controversy of stringent environmental 
regulations customary to oil-muds. Formate brines have a proven track record of 
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enhancing productivity in challenging operational environments. In fact, Howard 
and Downs 2005, stipulated that in nearly all reported field cases of formate use 
in drilling and completion, the well production rates have been significantly higher 
than expected (Byrne, Patey, et al. 2002; Howard and Downs 2005). This 
contribution along with many other favourable characteristics makes these brines, 
especially valuable in their applications to the drilling industry today. 
 
Figure 1.3 The chemical structures of the three formates in order of increasing 
percentage weight solubility in water (Adapted from Howard 2011a) 
The increased hydrocarbon productivity observed after using these brines for 
drilling and completion has been well documented in literature, and illustrate they 
are highly compatibility with reservoir fluids and minerals under realistic reservoir 
conditions. The formates were originally introduced to the field in 1993 after 
completing a coiled-tubing job in The Netherlands in the form of sodium formate 
brine. Less than a year later, potassium formate was selected for use in a 
reservoir “drill-in” operation in Norway with promising results, yet it wasn’t until 
1998 that extremely high density (up to 2.30g/cm3) caesium formate brine 
became commercially available for drilling and completion purposes (Byrne, Patey, 
et al. 2002). 
Caesium, potassium and sodium formate fluids cover the whole density range 
typically required in drilling and completion. Being free of excess solids such as 
barite, high-density clear brine systems, in general will exhibit lower plastic 
viscosities, and therefore lower ECD’s. Formate brines offer a viable option for 
reducing the problems encountered by high solids loading. Their “flat-rheology” 
among many other idealistic properties demonstrate that formate drilling mud’s 
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make excellent RDF’s. In an experimental study, Ramsey, 1996 reported dramatic 
increases in drilling rates (ROP) using caesium formate mud compared with a 
water-based haematite mud weighted up to the same density – in nearly every 
case, the improvement was 100% or more. The control measure was prepared 
using haematite as the weighting agent instead of barite as it has a higher specific 
gravity and therefore lower solids would be required to achieve the same density. 
The author had fully anticipated that, had a barite weighted water-based mud 
(WBM) been used, the caesium formate mud would have performed even better 
by comparison as the additional barite solids would have slowed ROP even further 
(Ramsey et al. 1996). In addition to Ramsey’s study, Black et al, 2008 achieved 
100% increased ROP in laboratory tests using a 1.90g/cm3 caesium formate brine 
in comparison with the same density oil-based mud. Further analysis illustrated 
that a caesium formate mud (with all of its usual additives) can also increase ROP 
by as much as 80%. Oil-based fluids are promoted to allow faster drilling rates 
than conventional water-based mud’s, but caesium formate acts by the 
mechanism of increasing both the efficacy and aggressiveness of the bit to 
enhance ROP further than alternative water or oil based fluids (Black et al. 2008). 
Another useful characteristic of formate brines is their powerful shale inhibiting 
properties, which in essence, discourages them from reacting with shale or other 
water-sensitive formations in the well. Laboratory tests have indicated that shale 
integrity and strength actually increases when exposed to formate based fluids. 
Potassium formate is potentially the strongest inhibitor of the formate family and 
promotes shale drilling by reducing the swelling pressure, shale water content and 
pore pressure. To achieve effective shale stabilization at higher densities, 
potassium formate can be blended with caesium formate - the mechanism 
combines high filtrate viscosities with low water activity to inhibit common 
reactions with shale (Bungert, Maikranz, et al. 2000; Ramsey et al. 1996).   
Inferior shale inhibition is a major limitation of most conventional WBM’s and 
coincides with lost time and trouble costs for the operator. The decision to opt for 
less ecological but more technically stable OBM when drilling highly water-
sensitive areas is usually approved. However, as an environmental alternative to 
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oil-based mud, Hallman and Bellinger, 2003 illustrated in multiple field trials that 
potassium formate brine showed dramatic improvements in minimizing formation 
damage and shale dispersion when incorporated into a conventional WBM at fairly 
low concentrations (5-10%). Based on these findings, formate-based mud 
systems have since been endorsed to drill over 400 wells through troublesome 
shale’s in western Canada, primarily for their exceptional inhibiting capacity 
(Hallman and Bellinger 2003).   
Maintaining a low ECD in long/narrow boreholes and eliminating solids sag at high 
temperatures is a major advantage of the formate brines and is critical for well 
control purposes (Byrne, Patey, et al. 2002). High ECD’s while circulating barite 
laden drilling mud’s is a frequent cause of well bore fracturing in deep gas 
formations where a narrow operating window between the pore and fracture 
pressure exists. Also, common water-based system viscosifiers tend to break 
down at high temperatures, causing dynamic and static barite sag as well as 
increasing the risk of well control incidents in high angled wells. Oil-based muds 
are capable of absorbing large volumes of reservoir gases, so a kick cannot be 
easily identified, which can also lead to massive well-control issues. In addition to 
corrosive gases, an influx of hydrocarbon gas may destabilize an oil-based 
formulation and cause the fluid to sag (Downs 2010). Changes in volume and 
density of a drilling fluid as the result of a gas influx can have severe 
consequences, with regards to stability of the well. Formate brines have a low gas 
solvency, much lower than oil-based fluids and significantly lower than in water, 
thus they cannot be destabilized by the influx of hydrocarbons or corrosive 
reservoir gases, which allows for better kick detection and faster flow-checks in 
formate-based fluids (Downs 2010; Howard 2007). 
There are many reasons why formate brines are considered the preferred choice 
for drilling and completion operations in particularly challenging subterranean 
environments with narrow margins between the pore pressure and fracture 
pressure, or tight “hydraulic operating windows.”  But arguably the biggest 
advantage of them all is their ability to increase the temperature stability of 
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important biopolymers allowing them to function effectively at very high 
temperatures. 
 
1.2.2 Formate Brines Increase the Temperature Stability of Polymers  
It has been well documented in literature that the formate salts increase the 
stability of biopolymers to far greater temperatures than conventional oil-field 
brines due to their unique ability to solubilize at extremely high concentrations in 
water for example, up to 83% w/w in caesium formate (Messler et al. 2004; 
Howard 1995). Further, aside from their extreme salinity, formate brines possess 
numerous other properties which enable them to contribute to the polymer 
stabilizing effect; 
 Anti-oxidant capacity: The formate ion is a powerful antioxidant, readily 
scavenging hydroxyl free radicals which can increase the hydrolytic 
degradation rate of water-soluble polymers and additives in solution.  
 Water-structuring effect: The alkali metal formates exert a structuring 
effect on surrounding water molecules or “salting-out” effect which allows 
dissolved macromolecules to become more ordered, rigid and stable at high 
temperatures (Caenn, Darley and Gray 2011). 
 Low water activity: The thermal stability of drilling fluids can be largely 
dependent on hydration reactions between polymers. Therefore, formate 
brines having a low water activity is beneficial as it protects water-soluble 
biopolymers by inhibiting microbial growth, either at the surface of the well 
or down-hole (Howard and Downs 2005).   
 Naturally alkaline pH: Formate brines exhibit an alkaline pH 8-10, which 
helps control corrosion, lower formate decomposition rate and contribute to 
polymer stability at higher temperatures by preventing the pH decreasing to 
a range where acid hydrolysis can occur (Howard 2011a). 
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In order to maintain an alkaline pH in HPHT conditions, it is essential that 
carbonate/bicarbonate pH buffer is added to any formate-based well construction 
fluid. Dissolved polymers can rapidly degrade in acidic environments by acid 
hydrolysis, for this reason it is assumed that formate fluids can be made more 
thermally stable by managing the amount of carbonate/bicarbonate added to the 
formulation (Howard and Downs 2009). 
With regards to polymers, their temperature stability can generally be enhanced 
by ensuring the concentration of formate salt in solution is kept as high as 
possible. Since potassium formate can obtain the highest molar concentration out 
of the three alkali metal formates, an optimized blend of potassium and caesium 
formate is suggested to achieve optimum stability for densities between 1.59 and 
2.20g/cm3 accordingly, and vice versa for sodium and potassium formate at the 
lower densities (Howard 1995).   
 
Figure 1.4 Sodium, potassium and caesium formate in order of increasing density and 
pH (Adapted from Howard 2011a) 
Although it is established that polymer stability is maximized at the higher salt 
concentrations, some improvements in stability can be observed even with very 
low levels of formate additions. Oswald et al, 2006 acknowledged a field trial 
offshore in the United Arab Emirates where only 20 lb/bbl sodium formate salt was 
added to a sodium chloride based drilling mud to prevent polymer degradation 
with prolonged exposure to BHT’s over 150°C. Subsequently, this small inclusion 
of sodium formate reduced the consumption of fluid additives by 66%. With that 
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said, several laboratory and field cases reported have indicated that the formate 
base fluid needs to be at full or near saturation in order to achieve stability at 
temperatures over and above 160°C (Oswald, Knox and Monem 2006). For 
example; Messler et al, 2004 stipulated that most formate fluids (at saturated 
concentration) will stabilize biopolymers up to 175°C. However, for the mud to 
retain relevant properties in order to function effectively at temperatures over 
200°C; additional stabilizing chemistries (anti-oxidants and thermal extenders) 
need to be incorporated into the fluid. Another consideration when mixing formate 
fluids is that it is thought that polymer hydration requires extra time and heat in 
saturated brine, so occasionally brine densities have been lowered slightly by 
addition of water in order to obtain the maximal yield of polymer (Messler et al. 
2004).  
 
1.3 Polymers for Drilling Fluids 
1.3.1 Polymer Behaviour in Solution 
Polymers are organic colloids composed of unit cells (monomers), linked together 
in straight or branched chains to form macromolecules. They can be classified as 
natural, modified natural or synthetic and their main function in drilling fluids is to 
provide viscosity and/or fluid loss control (Caenn, Darley and Gray 2011).  
The behaviour of polymers in solution is dependent on a combination of specific 
properties; such as molecular geometry (see Figure 1.5) and/or electrostatic 
charge associated with its counter-ions. Whether the polymer is linear, branched, 
cross-linked or both; this can affect viscosity characteristics due to their spatial 
arrangements and affinity to create interactions between adjacent polymer chains. 
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Figure 1.5 Molecular Geometries of Polymers (Adapted from Caenn, Darley and Gray 
2011) 
According to their electrostatic charge, water soluble polymers can be classified in 
any three basic groups; anionic, cationic and non-ionic. Most polymers commonly 
used in the oilfield are anionic in nature, with a negatively charged functional 
group (usually formed by the dissociation of an acid group). Less common are 
cationic polymers, most often amine-type additives, whose functional group is 
positively charged. Non-ionic polymers contain little or no charge and therefore do 
not ionize in solution (Moreno 2011). 
Generally, when a single polymer molecule dissolves in a compatible solvent, it 
swells (or “hydrates”) as the solvent penetrates the molecule and assumes a 
conformation determined by the stiffness of polymer backbone and its affinity for 
the solvent. The addition of further polymer molecules enhances their interactions 
decreasing the volume of space occupied by a single polymer molecule. Thus, 
after the critical polymer concentration, the molecules cannot contract any further 
and eventually strongly interpenetrate with one another – this is known as cross-
linking (Lei and Clark 2004).  
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Figure 1.6 Intra- and intermolecular cross-linking interactions (Adapted from (Wever, 
Picchioni and Broekhuis 2011) 
In solution, there are two types of cross-linked responses to form polymer gels; 
intramolecular reactions which occur within a polymer molecule, and 
intermolecular associations that develop between neighboring polymer chains (see 
Figure 1.6). These reactions are largely affected by the concentration of polymer 
and the presence of added salts in solution. The rule is; if the concentration of 
electrolyte is high, then the likelihood of intramolecular associations increases ten-
fold due to contraction of polymer molecules by the salts “screening” effects. 
Hence, intermolecular interaction is more prominent in purely aqueous solution as 
the polymer molecule occupies a larger hydrodynamic volume (Wang, Lu, et al. 
2008). 
All of these properties; molecular geometry, electrostatic charge and affinity for 
salts widely contribute to the polymer’s solution viscosity and important 
rheological characteristics within the field of drilling fluids. 
 
1.3.2 Rheological Effect of Polymers in Drilling Fluids 
The term “rheology” refers to the branch of physics that regulates the deformation 
or flow of matter. In water-based drilling fluids, specific additives or polymers are 
supplemented into the base brine to deliver ideal rheological properties which 
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carry out essential functions of the drilling mud such as improved hole cleaning 
and solids sag prevention. Thus, the viscosity must be high enough to suspend 
any solids or cuttings when drilling is discontinued, but still thin enough as to 
promote faster drilling rates upon recirculation. Further, it is recommended to 
minimize cuttings bed consolidation to optimize hole cleaning as much as possible, 
and this can be achieved through reduced gel strengths. In essence; the less 
strain required to break the gel, the easier the cuttings are removed – which is 
endorsed by adopting polymers with pseudoplastic (or shear thinning) tendencies 
(Saasen and Løklingholm 2002).  
If a polymer is shear thinning; at low shear rates the stretching macromolecules 
intertwine to form aggregates, and the highly viscous response is due to the 
polymers large resistance to flow. Increasing shear rate destroys aggregates and 
thus the fluids flow resistance declines, resulting in a decrease in apparent 
viscosity. Upon removal of shear, viscosity begins to increase almost 
instantaneously; this behaviour largely results from the ability of polymers to form 
rigid structures and entanglement through increased hydrogen bonding (Xu et al. 
2013). 
 
Figure 1.7 Rheological behaviour of synthetic polymers depending on critical shear rate 
(Adapted from Wever, Picchioni and Broekhuis 2011) 
On the other hand, specific synthetic polymers such as partially hydrolyzed 
polyacrylamide (PHPA) have been shown to exhibit pseudo-dilatant (or shear 
thickening) properties above a given shear rate which is highly undesirable for use 
in a drilling fluid. Above a given shear rate; the onset of shear thickening can 
occur in susceptible polymer solutions due to a coil-stretched transition induced by 
stronger interchain synergy involving the formation of additional links between 
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chains (see Figure 1.7). The critical shear rate for onset of shear thickening is 
dependent on the temperature and quality of solution, presence of salts, molecular 
weight and degree of hydrolysis of the polymer (Wever, Picchioni and Broekhuis 
2011). 
In the field, it is common practice for mud engineers to analyze viscosity using 
Bingham terminology; plastic viscosity (PV) or yield point (YP) values easily 
calculated from basic Fann35 rheological data. Plastic viscosity or PV is sensitive 
to the concentration of solids in a drilling mud, so if too high may require dilution. 
However, yield point (or YP) is affected largely by the electrochemical 
environment or inter-particle bonding and thus if not in the recommended range; 
demands chemical treatment to improve hole cleaning characteristics (Caenn, 
Darley and Gray 2011). Anionic polymers tend to decrease YP with increasing 
concentration, but non-ionics generally increases it so Bingham plastic rheology 
can also be manipulated by altering the charge density of water-soluble polymers 
(Tehrani 2009). 
 
1.3.3 Biopolymers 
The major advantages of biopolymers such as xanthan over synthetic polymers 
used in drilling and completion fluids, are they are more ecological being 
biodegradable, have increased resistance towards mechanical degradation and 
demonstrate strong shear thinning properties. Section 1.3.3 provides a general 
background and literature review of the relevant biopolymers and their rheological 
behaviour in solution. 
 
Welan gum: 
Welan gum; produced by Alcaligenes sp. is a useful aid for oilfield applications as 
it can remain stable in pure aqueous solution up to 150ºC, which is highly 
desirable for a natural biopolymer. Another interesting characteristic of welan gum 
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compared to other polysaccharides is that it is soluble in polar organic solvents, 
such as glycols (Member and Morris 1995). 
Welan gum adopts a different structure to the similar polysaccharide xanthan; in 
which the flow of molecules are limited due to the zipper model arrangement of 
double helices (see Figure 1.8), making it less sensitive to high temperatures and 
salinity. This is partially due to the positioning of acyl and glyceryl groups which 
increase the flexibility of molecular bundles, lowering the charge density to 
promote further interhelical association. The enhanced electrostatic repulsion of 
xanthan gum increases the difficulty of molecular aggregation, as its charge 
density is much higher than that of welan’s. In addition, xanthan’s acetyl groups 
are located on the side chains making it more difficult to form regular double 
helices due to the steric effect (Xu et al. 2013).  
 
Figure 1.8 Structural transitions of Xanthan and Welan Gum in Solution (Adapted from 
Xu et al. 2013) 
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Scleroglucan gum:  
Scleroglucan is a non-ionic branched exopolysaccharide produced by fermentation 
of a plant fungus genus Sclerotium, known to employ exceptional viscosifying 
properties in solution capable of withstanding harsh reservoir conditions 
(Kulawardana et al. 2012). It enhances the lubrication and cleaning ability of 
water-based muds, and is especially suited for use in deviated wells (Caenn, 
Darley and Gray 2011). Aside from its shear thinning characteristics, Scleroglucan 
has a higher thermal tolerance compared to similar polysaccharides as it forms a 
linear triple helical structure when dissolved in solution (see Figure 1.9), allowing 
the glucose side groups to extend and prevent aggregation, or gelling (Survase et 
al. 2007). In fact, from a study of over 140 polymers proposed for enhanced oil 
recovery use in North Sea reservoirs; scleroglucan was identified as the most 
temperature stable in seawater (Brigand 1993). 
 
Figure 1.9 The primary structure of Scleroglucan gum (Adapted from Survase et al. 
2007) 
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Guar gum:  
Guar gum is a non-ionic, branched chain polysaccharide derived from refined 
endosperms of cluster bean seeds, chemically known as the galactomannans. It is 
typical in industry to create derivatives of conventional guar to improve 
characteristics for specific applications, such as hydraulic fracturing (Darley and 
Gray 2011). 
 
Figure 1.10 Carboxymethylation reaction process of guar gum with sodium hydroxide 
and chloroacetic acid (Adapted from Dodi, Hritcu and Popa 2011) 
Carboxymethylation of guar and other “bio gums” increases their hydrophilic 
nature (or solubility in water) by introducing a sodium counter-ion and thus 
rendering the polymer slightly anionic. This method also reduces insoluble 
residues normally present in the standard guar which can be present at as much 
as 10-14% concentration depending on the gum purity. Figure 1.10 depicts a 
common process method for the carboxymethylation of guar gum (Dodi, Hritcu 
and Popa 2011). The negatively charged carboxymethyl groups will repel each 
other and cause the molecule to occupy a larger hydrodynamic volume than it 
would do in the absence of charges, for example in standard guar gum. However, 
Commercial in Confidence 
 
23 
 
de-ionized water will maximise this repulsion, whereas addition of salts will screen 
the sodium counter-ion and lessen the electrostatic interaction leading to 
decreased solution viscosity (Lei and Clark 2004). 
Guar gum can also produce extremely viscous suspensions for use in hydraulic 
fracturing or similar applications at low concentrations when combined with 
various cross-linking agents, for example borate, titanium and zirconate 
compounds. Typically, borate based cross linkers achieve higher viscosities with 
standard guar i.e. not chemically modified, whereas metal based compounds are 
more suitable for modified guars with a slight ionic charge, such as carboxymethyl 
guar, hydroxymethyl guar etc. (Deysarkar et al. 2011). 
 
Xanthan gum: 
Xanthan gum is a naturally occurring polysaccharide biopolymer produced from 
the bacterial coat of Xanthomonas campestris and used in a wide variety of 
industry applications; such as in food, pharmaceuticals, agriculture, textiles, 
cosmetics and water-based drilling fluids ( arc  a-Ochoa et al. 2000). In drilling 
fluids, xanthan gums primary role is suspension and mobility control, but is 
particularly effective as it imparts highly shear thinning characteristics allowing 
faster drilling by maintaining a low viscosity at higher pump rates, while 
thickening instantaneously if drilling is discontinued. This is a prime example of 
pseudoplastic rheological flow. 
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Figure 1.11 SEM photograph of commercially available powdered xanthan gum 
(Xanvis®) for use in drilling fluids 
The shear thinning behaviour of xanthan in solution is a result of weak 
intermolecular attractions within the polymer chain to form a complex network of 
rod-like molecules (see Figure 1.11). The polymers backbone is made up of a 
number of glucose monomers connected by β(1-4) glycosidic linkages, with a 
charged trisaccharide side chain at every second unit (see Figure 1.12) which in 
solution can wrap around its cellulosic backbone and protect it from oxidative and 
hydrolytic attack. Various studies have demonstrated that the modification of 
fermentation conditions (such as Xanthomonos strain, medium used, temperature 
and pH) during xanthan production can alter the overall molecular weight and 
functionality of side chains in controlling viscoelastic properties in solution (Downs  
1991; ( arc  a-Ochoa et al. 2000; Norton, Spyropoulos and Cox 2010). In 
particular, the effect of acetate and pyruvate groups in the anionic trisaccharide 
side chain is probably the most extensively studied in terms of structure-function 
relationship. Seright & Henrici, 1990 along with others have stated that altering 
the ratios of ketal-linked pyruvate and O-acetyl groups which can be affected 
during production significantly influence rheology and melting temperature (Tm) of 
xanthan in solution; the order-disorder molecular transition by which a sudden 
loss in viscosity is experienced (Seright and Henrici 1990). To benefit high 
temperature applications, other researchers recorded the highest transition 
temperatures in xanthan molecules containing minimum pyruvate and maximum 
Commercial in Confidence 
 
25 
 
acetate groups in their trisaccharide chain (Glass et al. 1983; Downs 1991; Renou 
et al. 2013). Optimized synthesis of pyruvate and acetate groups can also 
determine how the biopolymer interacts synergistically with other polymer 
molecules to form a viscous solution for example, with the gallactomannans such 
as locus bean gum and guar gum (Fink  2011; Renou et al. 2013). 
 
Figure 1.12 illustrates the primary structure of xanthan (Adapted from Norton, 
Spyropoulos and Cox 2010) 
In addition to fermentation and operational conditions, other factors which can 
alter xanthan properties in solution are; pH, biopolymer concentration, salt 
concentration and temperature. Since xanthan is an anionic polymer, lowering or 
increasing pH will alter the overall charge density, influencing molecular 
associations to increase or reduce the stiffness of the molecules resulting in a 
notable change in viscosity (Norton, Spyropoulos and Cox 2010). This effect 
however is completely reversible upon neutralization so polymer decay is not 
evident varying pH at ambient conditions, only changes in molecular 
conformation. Consequently, most authors agree that the optimum pH for xanthan 
hydration and viscosity is pH 7 (Seright and Henrici 1990; Glass et al. 1983).  
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With regards to xanthan concentration, normally viscosity sharply increases with 
additional polymer due to increased electrostatic interaction and cross-linking 
between the chains. However, the transition of xanthan gum from the ordered 
helical structure promoted by hydrogen bonding, to the less stable coil 
conformation occurs independently of xanthan concentration (although Tm may be 
more prominent in highly viscous solutions). The stability and order-disorder 
conformational transition of xanthan gum is particularly affected by temperature 
and ionic concentration in solution ( arc  a-Ochoa et al. 2000). In general, higher 
stability and transition temperatures are measured when xanthan is hydrated in 
highly saline solutions rather than in de-ionized water; the excess dissolved salts 
forces increased associations between the charged xanthan molecules and favours 
the ordered more rigid helical structure which can shield the glycosidic polymer 
backbone. With that said, it has been well documented in literature that the 
temperature at which the helix to random coil transition occurs is far lower in the 
presence of divalent ions than monovalent; for example a significantly lower Tm 
can be observed in calcium chloride (CaCl2) solution compared with sodium 
chloride (NaCl) or any highly concentrated formate brine e.g. CsCOOH, KCOOH or 
NaCOOH. In fact, the transition temperature of xanthan in formate brines can 
reach as high as 200ºC in the case of saturated potassium formate (Seright and 
Henrici  1990; Howard 2009). 
In order to provide maximum long-term stability of xanthan gum for high 
temperature applications, it is essential to understand probable degradation 
mechanisms and implement products or methods to counteract destructive 
influences which can lead to polymer decomposition. The most prevalent 
mechanisms for xanthan degradation at high temperatures include; oxidation-
reduction (redox) reactions, early onset of the helix-coil conformational transition 
and dependent on pH, acid-catalysed hydrolysis of the terminal β-mannose /base 
fragmentation reactions; or any combination of the above (Seright and Henrici  
1990). 
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1.3.4 Polymer Degradation Mechanisms and Stabilizing Additives 
Oxidative degradation of xanthan gum and other drilling and completion polymers 
is of great industry concern, as dissolved oxygen from the atmosphere is 
unavoidable in field polymer solutions and produces destructive radical species in 
the absence of an effective oxygen scavenger. In the case of polysaccharides such 
as xanthan and scleroglucan gum, the depolarization of the carbon-hydrogen bond 
between acetyl oxygen linkages allows dissolved oxygen in solution to thermally 
oxidize hydrogen setting up a redox cycle, and thereby promoting chain scission of 
the polymer backbone and a consequent reduction in molecular weight (Ash et al. 
1983). In association with oxygen, the presence of transition metals (TM) in 
oxidizable states such as Co2+, Cu2+, Mn2+, Cr2+, V2+ and Fe2+ in solution with 
susceptible polymer molecules, strongly contribute to radical degradation by redox 
cycling metals – metals which oxidize by a two-electron transfer, are not as 
destructive to the polymer (tin, thallium etc.). Traces of metal ions are already 
present in most biopolymers, however, the predominant metal cation in petroleum 
recovery processes for oxidative degradation is Fe2+ usually obtained from 
exposure to steel, also known as the Fenton reagent, or ferrous iron. Figure 1.13 
illustrates many common reaction mechanisms for redox cycling in oxidation-
reduction depolymerisation (Glass et al. 1983; Wellington 1983). 
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Figure 1.11 Redox Reactions for Radical Degradation 
In many drilling and completion applications, it is customary to add oxygen 
scavengers (or reducing agents) to water-based fluids to eradicate excess oxygen 
in solution, to reduce corrosion of equipment and inhibit oxidation of the 
biopolymer. However, the difficulty with reducing agents (e.g. hydrogen sulphite 
HSO3
-) when used to remove dissolved oxygen is they can also contribute to 
biopolymer decomposition by producing initiating radical species as reaction 
intermediates, which allows degradation to occur more rapidly especially if a new 
source of oxygen is leaked into the system (Figure 1.13: equation 2). In addition, 
the use of oxygen scavengers promotes lower valence states of TM catalysts which 
in turn, slowly churn out free radicals as part of the redox cycle (Figure 1.13: 
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equation 1, 2 &4) (Wellington 1983; Levitt et al. 2011). Due to above limitations, 
it is important that the preferred thermal stabilizer is compatible with its organic 
chemistry application and the dosage is adjusted according to field conditions.  
Since reducing agents react with dissolved oxygen to remove it from the system, 
the anti-oxidant stabilizers function in a similar manner through inhibiting the 
oxidation depolymerisation process. The two main categories of anti-oxidants 
commonly used to prevent corrosion and premature polymer degradation in the 
oilfield are; primary “chain-breakers” and secondary “preventative” type products. 
Chain-breaking antioxidants intervene directly in the oxidation process, and 
preventative antioxidants disrupt the formation of radicals by producing stable 
products in reaction with hydrogen peroxide. However, Wellington et al., 1983 
recommended that secondary preventative anti-oxidants were more effective in 
deterring biopolymer decomposition particularly in oil-recovery applications (Levitt 
et al. 2011; Rychlý and Matisová-Rychlá).  
As mentioned earlier, pH is a large determining factor in influencing rate of 
degradation of polymers. Generally, biopolymers are more stable in slightly basic 
conditions rather than acidic, however at pH 12 and above; de-acetylation can 
occur even at room temperature in an aqueous solution. Removal of acetyl 
groups, leads to a decrease in conformational transition temperature and results 
in lower stability so it is important to ensure pH remains within recommended 
range (Glass et al. 1983). After de-acetylation, the next most probable group 
susceptible to attack on the side chain is pyruvate, where its principle pathway for 
degradation is through acid catalysed hydrolysis, along with the vital β-glycosidic 
sugar linkages. To avoid biopolymer decomposition related to uncontrollable pH, a 
buffer system can be introduced; to ensure pH remains within the recommended 
range. 
Several researchers have demonstrated that carbonate/bicarbonate buffer 
systems present in solution can potentially minimize polymer degradation due to 
their effect on decreasing iron solubility, inhibiting the oxidation of ferrous to ferric 
iron (Figure 1.13: equation 2) (Levitt et al. 2011). Also, since oxidation-reduction 
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decomposition products are acidic, this would aid in the hydrolysis of biopolymer 
were the solution not neutralized in some way (Howard and Downs  2009; Glass 
et al. 1983). In disagreement however, Seright & Henrici, 1990 proposed that 
various buffers can actually destabilize xanthan’s preferential helical structure at 
high temperatures, but carbonate/bicarbonate systems were not tested – only 
phosphates, tris, imidazole’s and hepes (Seright and Henrici 1990). 
 
1.3.5 Synthetics 
The advantages of biopolymers over synthetic materials used in drilling and 
completion fluids, are they are more ecological being biodegradable, have 
increased resistance towards mechanical degradation and demonstrate strong 
shear thinning properties. However, an ongoing issue is polymer burning and 
carbonization at high down-hole temperatures, which ultimately leads to total 
destruction of the biopolymer material and complete loss of viscosity function. 
Therefore, in an effort to improve temperature stabilization of polymer muds, 
numerous water dispersible synthetic polymers based on monomeric materials can 
be employed. 
Most synthetic polymers for use in drilling or completion fluids are composed of 
thermally stable monomers designed to minimize hydrolysis and other oxidative 
process that degrade the polymer backbone (Ezell et al.  2010). There are many 
different approaches to the design of synthetic polymers, to exhibit improved 
stability for the specific environment. Generally, the introduction of the listed 
groups and structures are targeted in the manufacturing and synthesis process to 
enhance polymer properties; 
 Introduction of ring structure,  
 Introduction of large side groups or rigid side groups e.g. acrylamide, 
 Introduction of a high salt tolerant group e.g. AMPS, 
 Introduction of a hydrolysis resistant group, 
 Introduction of groups that can inhibit hydrolysis of amine e.g. NVP, AMPS 
and, 
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 Introduction of hydrophobic groups, e.g. acrylic dodecyl ester, N-alkyl 
acrylamide (Wu et al.  2012). 
 
Adopting for a polyacrylamide-based structure for further synthetic integration is 
also common as it lacks the glycosidic bonds of polysaccharides which are more 
easily targeted by hydrolysis and oxidative degradation processes that occur at 
high temperatures. In fact, Holtzlaw and Funkhouser, 2010 developed a high 
temperature cross-linkable fracturing fluid based on an acrylamide terpolymer, 
which is capable of maintaining stability up to 232ºC to overcome the thermal 
limitations of guar based derivatives (Holtsclaw and Funkhouser 2010). 
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1.4 Aims and Objectives 
The main aim of this project was to develop a well construction fluid based on 
organic brine (caesium/potassium formate) which can exceed temperature 
restrictions of thermally stable systems already utilized in oilfield applications.   
Initial Objectives proposed for this project were: 
1. Measure base brine viscosities in the four alkali metal formates; sodium, 
potassium, rubidium, caesium formate and caesium acetate.  By doing 
so, we can evaluate the true polymer yield and determine how much to 
add in order to obtain a certain viscosity threshold in each brine. 
 
2. Measure xanthan stability and Tm in the four alkali metal formates; 
sodium, potassium, caesium formate and caesium acetate. 
 
3. Investigate temperature stabilities for xanthan gum in standard 
caesium/potassium formate blends; construct a graph to evaluate an 
optimum blend. Add thermal extenders/anti-oxidants/cross-linkers to 
optimum formulation to enhance stability further. 
 
4. Evaluate new HPHT synthetic polymers which have not been previously 
researched in formate brine and assess their performance with regards 
to temperature stability.   
 
5. Analyze successive HPHT polymers in combination with other 
biopolymers/additives to examine synergistic reactions that may occur 
for example, cross-linking mechanisms which produce stabilizing effects. 
 
The further objectives are listed below. 
6. Qualifying the various grades of commercially available xanthan grades 
in caesium/potassium formate brine and investigate the most 
temperature resistant brand to exercise in further stability studies. From 
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this preliminary investigation, it was determined that Xanvis® from CP 
Kelco is the most stable at high temperatures. 
 
7. Investigate the compatibilities of biopolymers, such as xanthan, guar, 
carboxymethyl guar, welan and scleroglucan gum in Cs/K formate brine 
and evaluate overall temperature stability and potential Tm 
measurements for each. 
 
8. Discover alternative hydration methods for biopolymers in Cs/K formate 
brine for example, altering buffer and/or pH, adding product in liquid 
form or applying heat. 
 
9. Consider xanthan hydration in formate brines, and how solution viscosity 
can be affected by alternating the base brine. 
 
10.Compare xanthan properties in caesium and potassium formate brines 
on a molar basis, and observe the effect of exchanging the cation. 
 
11.Evaluate pH and buffer effects on the hydration and stability of xanthan 
gum in caesium and potassium formate brines. 
 
12.Create a well construction fluid, consisting of Cs/K formate brine, 
biopolymer and synthetic material which will be thermally stable at ultra-
HPHT temperatures. 
 
Additionally, other relevant topics which have not been examined in Results and 
Discussion but were published externally during the course of the MRes project are 
catalogued below: 
 
13.Viscosifying caesium-weighted glycol fluids with water-soluble polymers 
and evaluating their own temperature stability limits. This idea 
materialized from discovering that formate salts can dissolve in non-
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aqueous solvents or glycols to produce high density novel well-
construction fluids (See Clearly Different article in Appendix). 
 
14.Formates used in combination with clouding glycols (e.g. polyethylene 
glycol) to improve shale stabilization used while drilling the intermediate 
section of a well. Formate salts in aqueous solution with glycols are 
TAME (thermally activated micro emulsion) fluids which reduce cloud 
point temperature further than the standard monovalent brines such as 
KCl, NaCl etc., and extend these brines capabilities as competitive well-
construction fluids in the field. Using varying formate salt and glycol 
concentrations, a TAME fluid can be developed for the operators required 
application (see Clearly Cloudy article in Appendix). 
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Chapter 2 : Methodology and Quality Control 
This chapter introduces the experimental methods applied during this project and 
information regarding the relevant instruments. The methods included in this 
chapter are; measuring pH in Formate brines, measuring carbonate/bicarbonate 
buffer content, removing buffer content, hydrating polymers in solution, mixing a 
formate drilling mud, Fann35 viscometer, dynamic ageing, measuring 50% 
viscosity loss and 16-hr stability, measuring T50% using MARS III rheometer data, 
measuring transition temperatures of biopolymers in solution and calculating 
apparent viscosity using Fann35 readings. 
The detailed operational procedures are described in the following sections. 
Table 2.1 Instrumentation and their functions as employed in this project 
Instruments Manufacturer Function 
Silverson High Shear 
Mixer 
Silverson Machines, 
Buckinghamshire, UK 
Mud shearing 
Paddle mixer 
OFI Testing Equipment Inc. Houston, 
USA 
Mud mixing 
DM-40 density meter Mettler Toledo, Columbus 
Brine density 
measurement 
Hotplate stirrer Scientific Laboratory Supplier Solution mixing 
pH meter Mettler Toledo, Columbus pH value measurement 
HPHT hot rolling oven 
OFI Testing Equipment Inc. Houston, 
USA 
Dynamic ageing 
Fann 35A rheometer 
OFI Testing Equipment Inc. Houston, 
USA 
Rheology measurement 
MARS III HPHT 
Rheometer 
Thermofisher Scientific, Karlsruhe, 
Germany 
HPHT Rheology 
measurement 
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2.1 Experimental Methods and Procedures 
2.1.1 Measuring pH in Formate Brines 
Normally, pH is measured on “neat” samples, however in highly concentrated 
brines the hydrogen ion (H+) activity varies significantly from the H+ concentration 
so a true pH cannot be determined using conventional pH meters. Therefore, for a 
better estimation of pH in a formate fluid, it is diluted by nine parts de-ionized 
water to gain a closer representative pH value - although it is still not absolute 
(Howard 2010). This is measured using a Mettler Toledo Seven-multi pH electrode 
meter (see Figure 2.1). 
 
Figure 2.1 Mettler Toledo glass electrode pH meter (photograph taken in CSF 
Laboratory) 
 
2.1.2 Measuring Carbonate/Bicarbonate Buffer Content  
To determine the concentration of carbonate and bicarbonate in a formate fluid, a 
phenolphthalein end-point titration is used. To begin, pH is measured by electrode 
meter after diluting the formate by nine parts de-ionized water. If the pH is above 
9, a couple drops of phenolphthalein indicator should be added to turn the solution 
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pink and titrate back to initial clear colour (or pH 8.2) using 0.2N HCl – recording 
the volume required to do so. If pH is below 9, record initial pH and increase to 
above 10 with 8N potassium hydroxide and titrate the same as above- 
remembering to record the volume of KOH used and adjusted pH.  
To calculate the amount of carbonate and bicarbonate in mol/L or ppb (grams per 
350mL), the Buffering Capacity (phenolphthalein) Calculations spreadsheet 
is used or alternatively, if the pH needs to be lowered; the 
Carbonate/Bicarbonate Determination V7 Jan 13 – with KOH. 
 
2.1.3 Removing Buffer Content 
The method used for removing potassium carbonate/bicarbonate in caesium 
formate is to drop the pH from around 10.1 to below 6 using formic acid, which 
consumes the buffer completely and bubbles off as CO2 gas. If pH is to be 
increased again, caesium hydroxide (50%) is used in caesium formate and 
potassium hydroxide (8N) is employed for potassium formate. 
 
2.1.4 Hydrating Polymers in Solution 
In the drilling fluids industry, water-soluble polymers are mixed into solution and 
sheared by action of the drill bit to promote further hydration. This is simulated in 
the laboratory by using a Silverson mixer, with a specialized shear head designed 
for optimum hydration of polymers in water-based fluids.  
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Figure 2.2 Silverson mixer (left) and shearing head (right) for water-based drilling 
fluids 
Fluids are mixed in equal volumes, so 4 lab bbls (or 1400mL) to ensure uniformity 
and mixed in 2L stainless steel mixing jugs at 6000 rpm for a total of 45 minutes. 
For tests in the current study, polymers were slowly added to the brine at the 
start of the mix and any other chemical stabilizers were added 5 minutes after. 
 
2.1.5 Mixing a Formate Drilling Mud 
To prepare a complete formate drilling fluid, the same principles apply as 2.1.4, 
i.e. the fluid is mixed in 4 lab bbl volumes at 6000rpm for 45 minutes using a 
water-based mud shearing head (Figure 2.2). However, in addition to the 
primary viscosifier, further products required to produce ideal mud properties, 
must be added in the correct order, according the API (American Petroleum 
Institute) guidelines.  
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*Mixing Order: 
Additive     Mixing Time 
Brine       0 minutes 
Polymers     5 minutes 
Fluid Loss Additives   10 minutes 
Thermal Stabilizers    15 minutes 
Bridging Solids (calcium carbonate) 40 minutes 
*Mud temperature should not be allowed to exceed 66ºC; if the temperature 
nears this point, water should be added to the jug the mud sits in to control the 
temperature to between 60 and 66ºC. 
For addition of bridging solids; to reduce further breakdown of particles, stop the 
mix and remove the shear head before adding, and apply enough force to allow 
for appropriate distribution of the calcium carbonate – around 5 minutes. Also, it 
is essential that all additives are added in slowly, especially if using magnesium 
oxide as a thermal stabilizer as it has the potential to “burn” the polymers if added 
in too quickly. 
 
2.1.6 Fann35 Viscometer 
The Fann35 rotational viscometer is a Couette coaxial cylinder which directly 
measures shear stress as a function of shear rate at six different variable speeds 
(from 3 - 600rpm), which is particularly useful for measuring thixotropic fluids, 
such as drilling muds. The test fluid is contained in the annular gap between the 
outer cylinder and bob, and viscosity measurements are made when the outer 
cylinder rotating at a known velocity (or shear rate), causes a viscous drag to be 
exerted by the fluid. This drag creates a torque on the bob, which is transmitted 
to a precision spring where its deflection is measured. 
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Figure 2.3 Fann35 Viscometer (Photograph taken in CSF Laboratory) 
These instruments have been designed so that apparent viscosity in centipoise 
(cP) or milli Pascal seconds (m.Pas) is indicated on the dial with the standard 
rotor, bob and torsion spring operating at 300rpm. Viscosities at other test speeds 
can be measured by using multipliers of the dial reading. 
Procedure: 
 The sample is placed in the stainless steel measuring cup and the rotor 
sleeve is immersed in the liquid to the 350mL scribed line, to ensure two 
holes on the rotor are completely covered with fluid. The sample should 
shear at around 300 or 600rpm until the temperature is stable at 50ºC (this 
should take around 5-10 minutes). 
 With the sleeve rotating at 600rpm, the viscometer dial reading is recorded 
when a steady value is reached – if there are much larger particles in the 
fluid such as loss circulation material, they may cause erratic results. 
 The rotor speed is reduced to 300rpm, and dial reading is recorded again 
once a steady value has been reached. This same motion is repeated at the 
lower shear rates, 200, 100, 6 and 3 rpm. 
 To record gel strengths, the shear rate is increased to 600rpm for around 
10 seconds, and then stopped so the drilling fluid remains undisturbed for 
10 seconds. The rotor is switched back on to low shear (3rpm) and the 
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maximum dial reading is recorded. For the 10 minute gel, the same 
procedure is adopted, but for 10 minutes instead of 10 seconds, and the 
maximum dial reading is recorded in pounds per 100ft2. 
 
2.1.7 Dynamic Ageing 
To determine the effect of thermal ageing on mud properties, the fluid is added to 
temperature resistant alloy cells, pressurized with nitrogen to >200psi and “rolled” 
in specialized ovens for 16 hours at allocated temperatures. This is known as “hot-
rolling” or dynamic ageing and is used to simulate the circulation of the fluid 
exposed to various temperature conditions in the field. A recently prepared mix 
which has not been exposed to heat can be described as a before-hot rolled (BHR) 
fluid and after dynamic ageing for 16 hours can be distinguished as after hot-
rolled (AHR). 
 
Figure 2.4 Temperature resistant cell for dynamic ageing (left) and inside a hot-rolling 
oven (right), CSF Laboratory, Aberdeen 
Testing includes; Fann35 rheologies and pH before and after ageing, to measure 
temperature effects on the polymer and/or other additives combined. 
 
Commercial in Confidence 
 
42 
 
2.1.8 Measuring 50% Viscosity Loss and 16-Hr Stability  
The following method was used to estimate the fluids long term (16-hr) stability 
limit; measuring 50% viscosity loss in relation to the starting viscosity. 
Recording initial brine viscosities and subtracting them from the starting viscosity 
or “viscosity after xanthan addition,” eliminates them from the equation, so as to 
solely calculate the effect of xanthan; 
50% viscosity loss =  Viscosity after xanthan addition –  
Viscosity before xanthan addition / 2  
         + Viscosity before xanthan addition   
Initial brine viscosities or “viscosity before xanthan addition” must be added back 
onto the end result. Using the above equation, 50% viscosity loss can be 
calculated to estimate the maximum 16 hour stability temperature using the 
example in Figure 2.5. 
 
Figure 2.5 Xanthan Stability (16-hr) in Potassium formate brine – example of how to 
measure 50% viscosity loss and 16-hr stability limit 
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Figure 2.5 illustrates the shear stress in lb/100ft2 equivalents to viscosity in cP at 
511s-1 shear rate reading on Fann35 viscometer measured at 50ºC as a standard, 
plotted after hot-rolling at the various temperatures for 16 hours. The points at 
150ºC can be described as the fluids starting viscosity or “viscosity after xanthan 
addition” to determine 50% viscosity loss. The reason initial rheology is not used 
as the starting viscosity is because the biopolymer needs heat and time to fully 
hydrate in salt solutions, and it is difficult to accomplish repeatable data before 
hot-rolling (except in the case of de-ionized water) – higher consistency in results 
for xanthan in brine can be achieved once the fluid has been hot-rolled for at least 
16 hours. 
 
2.1.9 Measuring T50% or 50% Viscosity Loss Temperature using MARS 
III Rheometer Data 
 
Figure 2.6 Haake MARS III HPHT Rheometer (Photograph taken in CSF Laboratory) 
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To measure T50% using data from the MARS III Rheometer;  
T50% = Starting viscosity of BHR polymeric fluid in cP (or viscosity @ 25ºC) 
(Figures 3.4, 3.5 & 3.6) 
(minus [-]) Brine/Water viscosity in cP @ 50ºC (Figure 2.7) 
(divided by [/]) 2 + Brine/Water viscosity in cP @ 100ºC (Figure 2.7) 
Then use these to work out the temperature at which this 50% viscosity loss 
(T50%) is experienced. 
 
Figure 2.7 Newtonian viscosities of 2.0g/cm3 Cs/K formate brine and water for 
measuring T50% (i.e. water is ~1cP at 50ºC and Cs/K formate is ~5.5cP and at 100ºC, 
water is 0.5cP and Cs/K formate is 2.5cP). 
 
The brine/water viscosity @ 100ºC is used as a standard to negate the Newtonian 
contribution at the higher temperatures even though it might be even less at T50%, 
the error should be negligible as the brine viscosity is relatively flat after 100ºC. 
This method is far more accurate than using the Newtonian viscosity @ 50ºC for 
both stages, as unlike the 16-hr stability tests which are all measured using 
Fann35 rheologies @ 50ºC; thermal thinning will influence the polymeric solution 
at higher temperatures. 
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2.1.10 Measuring Transition Temperature of Biopolymers in Solution 
As discussed in the introduction, the transition temperature of biopolymers is 
known as the order-disorder conformational change at a critical transition or 
melting temperature (Tm) which results in a sudden drop in viscosity coupled with 
an increase in the rate of hydrolytic and oxidative degradation by two orders of 
magnitude. 
Transition temperatures were measured using a Haake MARS III HPHT Rheometer 
and pressure cell measuring device. All tests were run using the “step-ramp” 
program icon at 500s-1 shear rate which corresponds roughly to the 300rpm 
(511s-1) on a Fann35 viscometer. An integration time of 3 seconds for each test in 
the Haake Rheowin software was utilized for all transition temperature 
measurements to ensure consistency of results.  
 
Figure 2.8 Measuring transition temperature of xanthan in caesium formate 
(2.20g/cm3) brine (buffer removed and low pH) on the Haake MARS III HPHT Rheometer 
Transition temperature of biopolymers (such as xanthan gum) is measured by 
constructing a graph of sample temperature (ºC) vs. viscosity at a constant shear 
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rate (500s-1), see example in Figure 2.8. The peak in the graph at which an 
immediate drop in viscosity can be observed, is noted as the transition 
temperature. 
2.1.11 Calculating Apparent Viscosity Using Fann35 Readings 
To calculate apparent viscosities; 
Apparent Viscosity (cP) = 
Shear stress (lb/100ft2) x 511s-1 / Shear rate (s-1) 
Table 2.2 can be utilized to convert shear rate units for apparent viscosity 
calculations to confirm shear thinning/shear thickening rheological behaviour in 
section 3.4. 
Table 2.2 Converting Fann35 Dial Readings into Shear Rate for Apparent Viscosity 
Calculation 
To convert rpm to s-1 
Dial Reading (rpm) Shear Rate (s-1) 
600 1022.0 
300 511.0 
200 340.7 
100 170.3 
6 10.2 
3 5.1 
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2.2 Quality Assurance 
2.2.1 Quality Control  
MSDS (material safety data sheets) and work instructions, listed below were 
followed for all materials and methods specified in this project.  
Cabot Specialty Fluids Work Instructions: 
 WI-18: Water Activity of Brines 
 WI-23: Cabot Laboratory Drilling Fluids Preparation 
 WI-24: Determination of Carbonate and Bicarbonate Concentrations of a 
Formate Fluid 
 WI-25: Pressurized Mud Balance 
 WI-28: Filter Press – with N2 or CO2 Assembly 
 WI-32: Fann35A Viscometer 
 WI-35: Mettler Toledo Sevenmulti pH Meter 
 WI-38: Thermal Ageing of Fluids Using Roller/Static Ovens 
 WI-44: Mettler Toledo Benchtop Density meter (DM-40) 
 WI-46: HPHT Filter Press Using Nitrogen 
 
Haake MARS III Rheometer Handbook Instructions: 
 Instruction Manual, Haake III MARS, Version 1.5 
 Instruction Manual, Haake Pressure Cell D400/300, Version 1.5 
 Instruction Manual, Software Haake Rheowin, Version 1.3 
With regards to reproducibility, all Haake MARS III HPHT Rheometer and 16-hr 
stability dynamic ageing measurements were repeated at least once to ensure 
reliable results. Regularly used equipment, such as density and pH meters were 
calibrated daily, and ovens were calibrated on a monthly basis. 
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2.2.2 Materials 
Caesium (2.20g/cm3) and potassium formate (1.57g/cm3) stock brines were 
sourced from Tanco in Canada along with the caesium acetate. Sodium formate 
brine was prepared using de-ionized water and analytical grade powder (99.8%) 
from Sigma-Aldrich to reach its desired density. All of the formates are naturally 
alkaline in nature, however on this occasion the stock potassium formate 
(1.57g/cm3) has a pH in between 6-7, whereas concentrated caesium formate 
(2.20g/cm3) has a pH of around 10-10.5. Stock potassium formate has no added 
buffer whereas the caesium formate stock has the equivalent of 17.1g/L 
potassium carbonate/bicarbonate buffer (13.3g/L K2CO3 and 5g/L KHCO3). 
Caesium acetate stock at density 2.20g/cm3 also has a pH of around 10 and 
contains similar buffer levels to the stock caesium formate, 12.2g/L K2CO3 and 
6.8g/L KHCO3. Analytical grade prepared sodium formate brine contains no buffer, 
with a pH 7-8 at 1.32g/cm3.  
Xanvis® is a Kelco product and was utilized for the majority of testing. All other 
chemicals and products used for analysis were available in CSF Laboratory 
Aberdeen, or acquired from external companies – which will be mentioned 
specifically in Results and Discussion.  
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Chapter 3 : Results and Discussion 
3.1 Newtonian Viscosities of Formates 
3.1.1 Viscosity of Caesium Formate Brine 
Base brine viscosities of sodium, potassium and caesium formate brines were 
measured at varying densities using the HAKKE MARS III Rheometer. 
Temperature viscosity profiles were recorded for each of the three formates, as 
well as viscosity at 25ºC. The temperature viscosity profiles for several 
concentrations of caesium formate are shown in Figure 3.1.
 
Figure 3.1 Measured viscosity of caesium formate brine as function of density and 
temperature 
Figure 3.1 illustrates that the more concentrated caesium formate (higher 
density) results in a higher base brine viscosity, where thermal thinning is more 
apparent compared to the lower densities which have a relatively flat profile with 
regards to viscosity over 0-100ºC. The higher density brines contain more 
molecules per unit volume so are more closely packed together, therefore the 
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forces between the molecules are far stronger than in the less concentrated 
brines, so a significant change in viscosity is measured as temperature decreases.  
This trend can also be observed with sodium and potassium formate brines along 
with all other Newtonian fluids. 
 
3.1.2 Comparison of Viscosity Properties between Formate Brines 
 
Figure 3.2 Measured viscosity of sodium, potassium, rubidium, caesium formate and 
the caesium/potassium formate blends at 25ºC 
Figure 3.2 demonstrates the difference in viscosity between the four formates 
and a Cs/K formate blend. Caesium formate is the least viscous, even at super 
saturation (2.38 g/cm3) its intrinsic viscosity is only 10.9 cP at 25ºC; less than 
sodium formate at only 1.38 g/cm3. Sodium is the lightest of the three formates, 
so is highly saturated at this density.  However, the slightly heavier potassium 
formate; although less viscous than sodium at the same density, achieves the 
highest viscosity of the alkali metal formates at full saturation, 22.5cP at around 
1.60 g/cm3. Rubidium formate, the least commercially available product of the 
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four is only slightly more viscous than caesium formate – which may be beneficial 
to its potential uses in future applications within the drilling industry. 
In addition, viscosities of caesium/potassium formate standard blends were 
measured as these brines are most commonly combined for additional benefits in 
the field.  Although not completely linear in Figure 3.2, taking into account the 
measuring error, we can assume that viscosity of a Cs/K formate brine blend 
forms a linear relationship between the caesium and potassium formate standard 
(or stock) brines (2.20 g/cm3 and 1.57 g/cm3).   
It is essential to measure the base brine viscosities, in order to evaluate a 
polymers full efficacy in solution. This is done by subtracting the brines intrinsic 
viscosity from the viscosity of the polymer solution to analyse degradation 
characteristics comparing viscosified brines when exposed to high temperatures. 
The importance of establishing Newtonian viscosities will become more apparent 
in later sections. 
 
3.2 Compatibility of Common Biopolymers with Formate Brines 
3.2.1 Compatibility of Biopolymers with Cs/K formate brine 
From the literature, a number of common high molecular weight polysaccharides 
are stated as being compatible with highly concentrated formate brines for 
example; xanthan, scleroglucan and guar gum along with a few others – see 
Table 3.1 and Figure 3.3 (Howard 2009). Many of these experience a melting 
temperature (Tm) in solution which corresponds to an order-disorder transitional 
phase leading to a mass decline in viscosity. In addition, all of the polysaccharides 
listed below embody the same polymer backbone as xanthan gum; a 
tetrasaccharide repeating sequence. However, the variation of physical properties 
in solution arises from the presence of different side chains or functional groups 
(Member and Morris 1995). 
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Table 3.1 Common Polysaccharides and their Properties 
Biopolymers 
Tradename/ 
Manufacturer 
Ionic 
Charge 
Arrangement in 
Solution 
Molecular 
Weight 
(g/mol) 
Xanthan Gum Xanvis/CP Kelco Anionic Branched 2.0 x 106 
Welan Gum 
BIOZAN/M-I 
SWACO 
Anionic Branched 6.6 x 105 
Scleroglucan Gum Actigum C6/Cargill Non-ionic Linear 4.0 x 106 
Guar Gum Sigma-Aldrich Non-ionic Linear 2.7 x 106 
Carboxymethyl 
Guar Gum 
BioAdd 
830/Shrieve 
Anionic Branched 1.8 x 106 
 
 
Figure 3.3 Dry polymeric materials before addition to solution (photograph taken in 
CSF Laboratory) 
To evaluate the extent of these compatibilities in highly concentrated formate 
brines; temperature vs. viscosity profiles were measured for each biopolymer at 
8.57g/L concentration in 2.0g/cm3 Cs/K formate brine (pH 10.17, 8.57g/L K2CO3, 
4.57g/L KHCO3 buffer) using the Haake MARS III rheometer pressure cell @ 500s
-1 
shear rate. 
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Figure 3.4 Viscosity temperature profiles of various polysaccharides in buffered 
2.0g/cm3 Cs/K formate brine, pH 10 
Unfortunately, xanthan gum was the only biopolymer to demonstrate excellent 
thickening capacity at 8.57g/L concentration in 2.0g/cm3 Cs/K formate brine, 
whereas the other polysaccharides provided little more viscosity than the 
Newtonian brine (6cP @ 50ºC) indicating they were unable to yield accordingly in 
the high salt concentrated solution. Xanthan’s Tm is clearly visible from Figure 
3.4, however the other biopolymers transition temperatures were either non-
existent or too difficult to accurately measure in 2.0g/cm3 C/K Formate stock 
brine. This is surprising as, in contradiction to previous publications (Howard  
2009; Gallino et al. 1996) results have so far illustrated that highly concentrated 
buffered formate brines at pH 10 are incompatible with welan, scleroglucan, guar, 
and carboxymethylated (CM) guar, though seem to be extremely effective with 
xanthan gum – which will be discussed in more detail in section 3.3. 
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3.2.2 Compatibilities of Biopolymers in Water 
Since most of the respective biopolymers failed to hydrate in a standard 2.0g/cm3 
Cs/K formate brine, temperature viscosity profiles of each polysaccharide (at 
8.57g/L) were re-measured in de-ionized water (brine + biopolymer ranged 
between pH 6-8) to compare properties. 
 
Figure 3.5 Temperature viscosity profiles of various polysaccharides in de-ionized 
water, pH 6-8 
According to Figure 3.5, most of the biopolymers hydrate in water to 
demonstrate a clear order-disorder transitional change upon further heating, with 
the exception of the guar products (biopolymer Tm values recorded in section 
3.2.4, Table 3.2). So either the highly saturated formate salt solutions at 
2.0g/cm3 have insufficient free water (Aw = 0.29 @ 25ºC) for these 
polysaccharides to be able to hydrate, or the high pH and/or buffer content is 
inhibiting the hydration process.  
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3.2.3 The pH Effect on Biopolymers in Formate Brines 
To counter-act the pH variable, solutions of the same brine; 2.0g/cm3 Cs/K 
formate and 8.57g/L biopolymer were prepared with the buffer removed and pH 
lowered to around 7. Further temperature viscosity profiles were measured in 
order to compare physical characteristics of each biopolymer at the lower pH. 
 
Figure 3.6 Temperature viscosity plot of various polysaccharides in 2.0g/cm3 Cs/K 
formate (buffer removed, pH 7) 
Results from Figures 3.5 & 3.6, highlight massive discrepancies with regards to 
hydration in water and in 2.0g/cm3 Cs/K formate brine. As observed in section 
3.2.1, slightly buffered “13.1g/L carbonate/bicarbonate” brine at pH 10 does not 
hydrate the biopolymers (with the exception of xanthan gum), whereas removing 
the buffer content and lowering pH in most cases produces a far thicker solution 
than even it’s pure aqueous phase. Results are in agreement with Wever et al, 
2011 who implied that salts which are able to induce the structuring of water 
molecules (i.e. the formate anion) will lead to an increased viscosity due to the 
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increased number of hydrophobic interactions (Wever, Picchioni and Broekhuis 
2011). Also, enhanced Tm transitions in xanthan and welan gum can be observed 
in the low pH formate solution. Thus, contrary to popular belief; high salt 
concentration and insufficient free water is not the reason behind the hydration 
difficulties of polysaccharides in high density formate brines, but instead it is the 
high pH concern. Further, it is evident from Figure 3.6, that the high 
concentration of formate salt in solution is favouring the rigid ordered form of the 
polysaccharides backbone as the rheology profiles are relatively flat with 
increasing temperature in comparison to water.  
Fann35 rheologies were recorded at 50ºC to compare viscosities of the 
biopolymers in water and in Cs/K formate brine. 
 
Figure 3.7 Viscosities of each biopolymer (8.57g/L) in the various solutes at 511s-1 
shear rate (Fann35) (Newtonian brine viscosity is 6cP @ 50ºC) 
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Fann35 viscosity measurements @ 511s-1 (or 300rpm) are in close agreement 
with MARS III pressure cell profiles (Figures 3.4, 3.5 & 3.6), confirming that the 
results are accurate. Altering the pH of the solution disturbs the overall charge 
density of anionic polymers, and therefore influences electrostatic interactions in 
solution (Norton, Spyropoulos and Cox 2010). More specifically, decreasing the pH 
of a polymer solution normally enhances viscosity because of an increase in the 
polymer’s hydrodynamic volume due to the protonation of carboxyl functional 
groups (Wever, Picchioni and Broekhuis 2011). However, this is only completely 
true in aqueous and semi-dilute environments so the addition of a large amount of 
salt can alter solution viscosity dramatically, even with the same concentration of 
biopolymer. 
Polymer solution behaviour in high density formate brines is not well understood, 
as it has never been studied in any great detail before now. Therefore, it is 
especially interesting to discover that at neutral pH, biopolymers exhibit higher 
viscosities in concentrated formates than in pure aqueous solution (see Figures 
3.5, 3.6 & 3.7). It has been well documented that in lower saturated brines, the 
effect of the salt screens the counter ion charges on the polyelectrolyte which 
would normally produce electrostatic repulsive interactions to stretch and elongate 
the polymer chain in aqueous solution (Moreno 2011). Since the polymer chains 
can no longer repel one other to the same degree as in water, the decrease in 
electrostatic associations causes a marked reduction in solution viscosity. 
However, Wyatt et al. 2011 suggested that if the concentration of monovalent salt 
ions exceeds the number of free counter ions available in the polymer solution 
(described as the “high salt limit”), then electrostatic interactions are predicted to 
be negligible and the polymer functions as neutral or non-ionic.  
After the “high salt limit” has been attained in a solution with enough biopolymer 
to meet its critical concentration for cross-linking entanglement, an increase in 
viscosity is observed in monovalent sodium chloride brine instead of the expected 
decrease due to suppression of electrostatic associations. This is believed to be 
caused by increased hydrogen bonding as the lack of interchain repulsions allow 
the polymer chains to come into much closer contact and promotes strong 
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intramolecular interactions in the form of hydrogen bonds. The significant increase 
in hydrogen bonding surpasses the influence of electrostatic associations between 
counter ions and effectuates an even higher solution viscosity because it is more 
difficult for chains to move past each other without interacting to form a more 
rigid network structure (Wyatt, Gunther and Liberatore 2011). Since Cs/K formate 
salt is far more soluble in water than sodium chloride, it will most definitely 
exceed the “high salt limit” at 2.0g/cm3 (i.e. number of ions in solution is higher 
than the number of polymer counter-ions) required to enhance viscosity by 
enforced hydrogen bonding, so results are consistent with Wyatt et al. 2011 at 
neutral pH (see Figure 3.8). The effect of pH on polymers will be discussed 
further in sections 3.2.5 and 3.3.7. 
 
Figure 3.8 General behaviour of biopolymers in aqueous solution with 
increasing/decreasing pH 
 
3.2.4 Stability of Biopolymers in Formate Brines 
*Refer to section 2.1.9 & 2.1.10 to measure T50% and Tm values 
It is well-known that alkali metal formate brines increase the temperature stability 
of biopolymers to withstand greater temperatures than in standard oilfield brines 
due to their unique ability to solubilize to extremely high concentrations in water 
(Howard 1995; Downs 1991). One measure of stability is the polymers Tm, or 
melting temperature where the molecule undergoes an order-disorder transition in 
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which a clear drop in viscosity is observed. However, only certain biopolymers 
possess a Tm; so another measure of stability is to monitor the temperature at 
which the polymer solution experiences 50% viscosity loss (T50%) using MARS III 
Rheometer data.  
Table 3.2 Measured Tm and T50% of various biopolymers in water and 2.0g/cm
3 Cs/K 
formate, in buffered and unbuffered solutions 
Biopolymers 
Tm in Water (ºC) 
Tm in 2.0g/cm
3 CsK 
Formate (ºC)* 
Buffered, high pH 
Tm in 2.0g/cm
3 CsK 
Formate (ºC)*2 
Unbuffered low pH 
Tm T50% Tm T50% Tm T50% 
Xanthan Gum 80 112 184 124 186 187 
Welan Gum 150 160 NA 108 180 186 
Scleroglucan Gum 137 156 NA 153 NA 118 
Guar Gum NA 123 NA 146 NA 124 
Carboxymethyl 
Guar Gum 
NA 112 NA 138 NA 116 
*Tm in 2.0g/cm
3 Cs/K formate using lab stock, i.e. total buffer 13.1g/L 
K2CO3/KHCO3 at pH 10.17 
*2Tm in 2.0g/cm
3 Cs/K formate with buffer removed, and pH lowered to around 
6-7 in the brine. 
 
The T50% in buffered 2.0g/cm
3 Cs/K formate highlighted in green are not a good 
representation of stabilizing potential, as initial viscosities were so low due to lack 
of polymer hydration (see Figure 3.4), therefore it could be misleading as to 
draw conclusions from their measured T50% values. However, the unbuffered 
2.0g/cm3 Cs/K formate results provide clear answers with regards to Tm and T50% 
and will be used to quantify the significance of using Cs/K formate salts to protect 
the various biopolymers in comparison to water (Figures 3.9 & 3.10). 
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Figure 3.9 Differences in T50% of 8.57g/L biopolymer in water and 2.0g/cm
3 Cs/K 
formate solution 
 
Figure 3.10 Increase in Tm of xanthan and welan gum (8.57g/L) in 2.0g/cm
3 Cs/K 
formate in comparison to de-ionised water 
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With respect to increasing the temperature stability of biopolymers, results have 
demonstrated that Cs/K formate brine at 2.0g/cm3 can enhance the Tm and T50% of 
various polysaccharides when allowed to hydrate properly; the most significant 
increases were observed in xanthan and welan gum (Figure 3.10). With that 
said, scleroglucan seems unable to hydrate in this particular blend of Formate 
under any pH condition, and perhaps would be more suitable for use in less 
concentrated brines, given its high Tm in water.  
From the literature, scleroglucan is acknowledged to remain insensitive to salinity 
and mechanical degradation because of its non-ionic functionality, and triple helix 
semi-rigid structure which can increase temperature resistance compared to other 
similar polysaccharides (Kulawardana et al. 2012). However, Glass et al, 1983 
recognized that alkalinity disrupts the hydrogen bonding that promotes the stable 
helical formation of scleroglucan in solution – much like urea does for xanthan 
gum (Glass et al. 1983). Results from the current study have confirmed that 
scleroglucan or “Actigum C6” is incompatible with concentrated Cs/K formate brine 
(2.0g/cm3) at any pH. Adversely, an earlier review described scleroglucan as 
having excellent viscosifying capabilities in potassium formate brine - but only in 
solutions up to 40 g/L; so in essence, it may only be compatible in extremely low 
formate concentrations (Gallino et al. 1996). 
The biopolymer welan gum has not been previously investigated for use in 
formates and therefore an increased Tm measurement of 180ºC (30ºC higher than 
in water) is intriguing as it could potentially compete as an alternative viscosifier 
to xanthan gum if a new method of polymer hydration at higher pH is discovered. 
At neutral pH, intra chain hydrogen bonding is increased significantly due to lack 
of “free space” in Cs/K formate solution caused by the high concentration of salt - 
even though electrostatic interactions on the polymers carboxyl group may be 
screened and the polymer chain cannot elongate (Wyatt, Gunther and Liberatore 
2011). This salt induced configuration and increased hydrogen bonding is 
predicted to be the main reason for the increase in Tm of anionic welan gum in 
2.0g/cm3 Cs/K formate, as it promotes further chain rigidity and reduces exposure 
of radical susceptible sites which can induce degradation.  
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 uar gum and it’s modified derivative; carboxymethyl guar were compatible and 
provided a good measure of viscosity at neutral pH but did not exhibit a clear 
order-disorder transition temperature when heated in Cs/K formate or aqueous 
solution - though, there was no mention of guar gum having a Tm in any of the 
subsequent literature studies. Another interesting observation is that non-ionic 
standard guar gum produces a thicker fluid than CM guar in both 2.0g/cm3 Cs/K 
formate as well as in water which is in slight disagreement to the literature. 
Authors, Lei and Clark have discussed carboxymethylated polymers (such as CM 
guar) and how their negatively charged groups repel causing the molecules to 
occupy a larger volume, leading to increased viscosity from that of its neutral 
state; for example in non-ionic standard guar (Lei and Clark 2004). However, 
since the high concentration of formate salt at 2.0g/cm3 should exceed the “high 
salt limit” and negate electrostatic effects of the counter ions, the solution 
maintains charge neutrality so viscosity will build as a result of increased 
intramolecular hydrogen bonding (Wyatt, Gunther and Liberatore 2011). 
Therefore, CM guar loses its slight ionic charge, so the larger molecular weight of 
the standard guar (33% higher) is predicted to be the reason for enhanced 
viscosity over its carboxymethyl modified derivative in this instance. 
Further, an important point worth mentioning is that a 2.0g/cm3 Cs/K formate is 
not the best choice of brine for stabilizing polymers as the majority of it is 
prepared from caesium formate stock, whereas if saturated potassium formate 
alone had been used as the base fluid; there would be larger increases in stability 
margins certainly with regards to xanthan and welan gum (see section 3.3.3). 
Similarly, the more potassium added to the standard Cs/K formate blend (i.e. for 
the lower densities between 1.57-2.20g/cm3), the higher the temperature stability 
of polymer (see section 3.3.4). Therefore, since the 2.0g/cm3 Cs/K formate has 
been employed on this occasion as a “standard” to solely compare the variable 
biopolymer, it is worth bearing in mind that these limits can be extended by 
simple engineering of the formate base brine. 
Although most of the biopolymers managed to hydrate in 2.0g/cm3 Cs/K formate 
at neutral pH, it is not practical to remove the buffer and lower pH for field 
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applications as the carbonate/bicarbonate buffer package is essential to combat 
influxes of acid gas (Howard and Downs 2009). Therefore, an alternative solution 
must be established in order to ensure these biopolymers function efficiently in 
buffered formate brines with pH above 9.5. 
 
3.2.5 Alternative Hydration Methods for Biopolymers in Cs/K formate     
Brine 
*Refer to section 2.1.10 to measure Tm values 
 Adding Biopolymers in Liquid Form 
For ease of use and to improve dispersion, many polymers are applied in liquid 
form, normally pre-mixed into glycol or another solvent. Therefore, since welan 
gum is known to be soluble in polar organic solvents such as ethylene glycol 
(Member and Morris 1995), it was used as a precursor to hydrate the welan before 
adding to buffered 2.0g/cm3 Cs/K formate, pH 10 at 8.57% by volume (20g welan 
in 200mL MEG) as equivalent to 8.57g/L powder to compare with previous tests. 
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Figure 3.11 Temperature viscosity profiles of 8.57g/L welan gum administered to 
2.0g/cm3 Cs/K formate in powdered form and ethylene glycol 
Consequently, administering welan in liquid glycol to 2.0g/cm3 Cs/K formate 
(“Welan soln. ME  in high pH”) is a vast improvement with regards to hydration 
than its powdered form in the same brine (“Welan in high pH”). However, Figure 
3.11 illustrates that it’s still not as effective as in unbuffered Cs/K formate 
(“Welan in low pH”) at higher temperatures, as viscosity is around 100% lower 
>160ºC and Tm drops by 10ºC. This makes sense as the glycol MEG addition was 
8.57% of the total volume, therefore reducing the amount of formate salt 
available to protect the polymer backbone – so glycosidic polymer linkages will be 
more exposed for chemical attack. These findings again, re-iterate the importance 
of maintaining a high concentration of formate salt in solution.  
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 Applying Heat to Hydrate Polymers 
Occasionally, polymers require a certain amount of heat energy in order to “swell” 
and enhance their solution viscosities, especially in saturated brines. After gentle 
heating, the polymers functional groups are more easily accessible for 
intermolecular association – causing their influence in solution to intensify (Renou 
et al. 2013). Therefore, to evaluate if the biopolymers hydrate after heating in 
buffered 2.0g/cm3 Cs/K formate; the fluids (omitting xanthan as it is compatible 
anyway) were dynamically aged for 16 hours at 120ºC and their Fann35 
viscosities were recorded @ 511s-1 (cP). The temperature of 120ºC was selected 
as it is unlikely that any of the polymers would degrade over 16 hours in such 
concentrated brine so the resultant viscosity should solely provide answers about 
the molecular conformation of the polymer, rather than any potential stability 
concerns. 
 
Figure 3.12 Fann35 viscosities of 8.57g/L biopolymers in buffered 2.0g/cm3 Cs/K 
formate (pH 10) before and after heating for 16 hours @ 120ºC 
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Unfortunately, Figure 3.12 demonstrates that dynamic ageing @ 120ºC does not 
improve hydration of biopolymers in buffered Cs/K formate, and therefore it 
seems more likely that manipulation of pH/buffer is inevitable in order to 
“activate” the guar’s, welan and scleroglucan gum in 2.0g/cm3 Cs/K formate brine. 
Luckily, the most widely used polysaccharide in formate drilling fluids; xanthan 
gum does not have this same issue. 
 
 Hydrating Polymers in Low pH Cs/K formate Before Adding Buffer 
To investigate whether hydrating polymers in neutral 2.0g/cm3 Cs/K formate and 
then adding buffer to increase pH would influence fluid viscosity; 13.1g/L 
potassium carbonate was added to low pH pre-hydrated polymer Cs/K formate 
solution at 8.57g/L, to simulate the same content of buffer and a similar pH as the 
standard buffered Cs/K formate (pH 10) used in section 3.2.1. 
Interestingly, after potassium carbonate addition both guar products began to 
cross-link and aggregate immediately becoming very “elastic” – this is most likely 
due to the competing effects of electrostatic interactions (promoted by addition of 
buffer) and intramolecular hydrogen bonding (already present at the lower pH) 
between the polymer chains (Wyatt, Gunther and Liberatore 2011). However, 
after the sample was left on the bench for around an hour; the polymer visually 
began to precipitate out of solution; leaving a clear brine layer visible on the 
surface and surrounding the “gelled” guar with the dehydration effect becoming 
progressively worse over time (see Figure 3.13). A similar situation occurred with 
CM guar, although not quite as noticeable at first glance. This is particularly 
interesting, as during the CSF brine recycling process, high pH is employed to 
precipitate out polymers, such as guar or xanthan gum. 
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Figure 3.13 Guar gum in 2.0g/cm3 Cs/K formate, initially hydrated at low pH before 
adding 13.1g/L carbonate to simulate std. brine conditions, photographed after 1 hour 
(left) and then overnight (right) 
Soon after adding the buffer (and before the polymer began to precipitate), a 
sample was measured in the MARS III HPHT rheometer to evaluate its rheological 
profile. 
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Figure 3.14 Temperature viscosity profiles of 8.57g/L Guar gum administered to 
2.0g/cm3 Cs/K formate at varying pH and buffer content 
Figure 3.14 shows an exponential decrease in rheology after heating, and by 
80ºC the guar solution viscosity had completely reverted back to its original state 
in buffered high pH brine (“ uar high pH + buffer”), and did not recover after 
cooling. The same rheological pattern was mirrored for CM guar, welan and 
scleroglucan; so the method of adding polymers at low pH and then using 
carbonate buffer to regain alkalinity completely reverses the hydration process. 
Since the system is reversible, it is clear that the loss in viscosity is due to 
changes in molecular conformation rather than polymer degradation ( arc  a-
Ochoa et al. 2000). Wever et al. 2012, states that the high ionization of carboxyl 
groups at pH 9 and above; favours intermolecular electrostatic interactions 
between the polymer molecules in aqueous solution. However, since guar gum is 
non-ionic; there should be very little electrostatic associations influencing rheology 
but the increase in pH will disrupt prevalent intramolecular forces (such as 
hydrogen bonding), which essentially controls viscosity in the absence of charges. 
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Therefore, the increase in pH caused by carbonate buffer addition, breaks the 
strong intramolecular network structure causing a mass decrease in viscosity as 
the polymer precipitates from solution (see Figure 3.13) (Wever, Picchioni and 
Broekhuis 2011). With regards to anionic biopolymers such as welan and CM guar; 
it has been suggested that the high concentration of monovalent salt in 2.0g/cm3 
Cs/K formate exceeds the “high salt limit” and neutralizes the electrostatic effects 
promoted by high pH. Therefore, results from this study have indicated that 
increasing pH has a similar effect for ionic polymers (apart from xanthan) as it 
does for neutral macromolecules in high concentrated brine systems like the 
formates (Wyatt, Gunther and Liberatore 2011). In this instance, more emphasis 
should perhaps be allocated to the average molecular weight of the biopolymer for 
viscosifying power, as the greater number of polymer chains forced closer 
together in a concentrated formate brine implement a stronger intramolecular 
network structure to improve solution viscosity (see Figure 3.15).  
Order of Increasing Average Molecular Weight (g/mol) and Solution Viscosity (cP) 
 
Figure 3.15 Solution viscosity is enhanced in high concentrated formate brines at neutral 
pH with increasing molecular weight of biopolymer (interpreted from Table 3.1 & Figure 
3.6) 
With that said, it is enlightening to see that in 2.0g/cm3 buffered Cs/K formate, 
xanthan was the only biopolymer to hydrate better at high pH than at neutral. To 
investigate further, rheological profiles were measured of xanthan in unbuffered, 
2.0g/cm3 Cs/K formate at neutral pH with 13.1g/L carbonate, similar to Figure 
3.14 to see if this effect was also reversible. 
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Figure 3.16 Temperature viscosity profiles of 8.57g/L Xanthan gum administered to 
2.0g/cm3 Cs/K formate at varying pH and buffer content 
According to Figure 3.16; the effect is reversible above 100ºC, as it mirrors the 
original “Xanthan high pH + buffer” solution, however instead of decreasing its 
hydration (as observed with guar and other bio gums), the addition of buffer 
actually increases the viscosity of 2.0g/cm3 Cs/K formate xanthan solutions. There 
are some differences in viscosity at the lower temperatures between the high pH 
Cs/K formate analogues so the effect is not completely reversible, which could be 
contributed to the slight variation of carbonate/bicarbonate in solution (see 
Figure 3.16). Another possible explanation could be; that “Xanthan low pH + 
buffer” was analysed around 10 minutes after the buffer was added (to “Xanthan 
low pH”), so the carbonate may not have had time to fully react and increase 
polymer entanglement at the lower temperatures.  
Consequently, since xanthan gum has exhibited improved hydration properties at 
increasing pH where intermolecular electrostatic attractions are enhanced due to 
ionization of carboxyl groups (COOH = COO- + H+); this invalidates the concept 
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that all biopolymers must behave as non-ionic in 2.0g/cm3 Cs/K formate (Wyatt, 
Gunther and Liberatore 2011). Thus, xanthan gum must have some unique quality 
in comparison to other anionic biopolymers (i.e. CM guar, welan) which allows it to 
induce associations at high pH in concentrated formate brines – possibly through 
its large charge density and increased intermolecular hydrogen bonding through 
the terminal pyruvate ketal groups (indicated by optical rotation studies), which 
are not present in the other biopolymers (Auerbach 1985). 
Results from section 3.2 and later in 3.3, have highlighted significant irregularities 
with regards to xanthan’s behaviour in the various formate brines through varying 
pH and buffer content. For example, the viscosity of single salt caesium formate 
with the same concentration of xanthan decreases with added buffer and elevated 
pH; whereas a 2.0g/cm3 Cs/K formate blend with a small amount of potassium 
(32% stock brine or 41% in overall molar concentration) enhances viscosity by a 
factor of 5 (see Figure 3.17).  
 
Figure 3.17 Fann35 viscosities @ 50ºC of single salt caesium and potassium formate and 
a 2.0g/cm3 standard blend before hot-rolling, buffered and non-buffered brine at varying 
pH 
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Alternating the size and shape of the cation in salt solutions can affect polymeric 
solutions, although the effect is notably more pronounced in divalent brines rather 
in monovalent, according to the literature (Wyatt, Gunther and Liberatore 2011). 
In this instance, the larger cation caesium produces a higher viscosity at neutral 
pH with xanthan than potassium formate even though there are less molecules in 
solution - the same trend is observed when comparing caesium and potassium 
formate at similar salt concentrations (10.1mol/L) in section 3.3.5 (see Figure 
3.25). However, adding potassium to caesium formate solutions apparently 
enables a less compact structure (Howard 2011a) where polymer chains may 
swell and extend due to influence of different sized molecules in solution and 
enhanced intermolecular associations at elevated pH  - which could be responsible 
for the huge viscosity increase (see Figure 3.17; 2.0g/cm3 Cs/K formate). The 
effect of pH and buffer in caesium and potassium formate with xanthan will be 
discussed further in section 3.3.7. 
Through knowledge gained from section 3.2; after measuring biopolymer 
compatibilities in Cs/K formate brines it can be concluded that xanthan gum is the 
clear polysaccharide of choice in terms of temperature stability, viscosity effects 
and ease of use seeing as it does not need to be treated in order to hydrate in 
buffered formate brines. Therefore, considerable effort has been applied in the 
later sections to better understand the stabilizing properties with regards to 
xanthan gum in formates for application in extreme temperature environments. 
 
3.3 Evaluation of the Effect of Xanthan Gum in Formate Brines 
3.3.1 Qualification of Xanthan Products 
Xanthan gum is one of the most commonly used biopolymers in the drilling fluids 
industry today, so many different grades and products are available which can 
subsequently vary in performance. In order to evaluate which grade of xanthan 
gum yields the best performance for high temperature application, a range of 
established products from various chemical and drilling fluid companies were 
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analysed in a standard 2.0g/cm3 buffered caesium/potassium formate brine 
(8.57g/L K2CO3, 4.57g/L KHCO3) pH 10. 
Table 3.3 Xanthan Products 
Xanthan Trade Name® Company 
Xanvis CP Kelco 
Kelzan Advanced CP Kelco 
Flowzan Drilling Specialties 
Duotec M-I SWACO 
Flovis M-I SWACO 
Duovis M-I SWACO 
 
Arguably one of xanthan’s most valuable properties when used in a drilling fluid, is 
it’s highly shear thinning behaviour which can be illustrated by plotting shear rate 
vs. shear stress from Fann35 rheometer data (Figure 3.18).  
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Figure 3.18 Rheology measurements for each grade of xanthan (8.57g/L) before 
dynamic ageing 
As expected, all of the xanthan products demonstrate a non-Newtonian shear 
thinning rheological profile. However, altering the ratios of pyruvate and acetyl 
groups on xanthan’s trisaccharide side chain can potentially affect stability along 
with other variation in positioning, length and composition of the trisaccharide 
chain (Downs 1991). Therefore, depending on fermentation and operating 
conditions, various xanthan products tend to exhibit different properties with 
regards to decomposition at high temperatures. To confirm this, each xanthan 
viscosified fluid was then hot-rolled for 16 hours at 150, 160, 170 and 180ºC and 
plotted in Figure 3.19. 
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Figure 3.19 Viscosity after 16-hr dynamic ageing of each xanthan product at the various 
temperatures 
In general, results from Figure 3.19 demonstrate little discrepancy in product 
performance between the various brands of xanthan gum; however some grades 
do seem to maintain better resistance to degradation at higher temperatures than 
others. Considering the data and availability of each product, it was decided to use 
CP Kelco’s Xanvis as the principle xanthan component for use in further 
experiments as it illustrates good overall stability in caesium/potassium formate 
brine. 
 
3.3.2 Viscosity of Xanthan Gum in Formate Brines 
With regards to viscosity, there is much uncertainty and limited literature studies 
applicable to explain xanthan gums behaviour in highly concentrated brines such 
as the formates, where there is much less water available for hydration. The 
behaviour of ionic polymers in salt brines is increasingly complex, as there are 
many factors such as chain orientation, chain stiffness, overlap, entanglement and 
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electrostatic interactions which have to be taken into consideration when 
evaluating a polymers efficacy in solution (Wyatt, Gunther and Liberatore 2011). 
In the drilling fluids industry, a common misconception is that anionic polymers 
such as xanthan do not hydrate as well in saturated brines as they do in fresh 
water. The reasoning behind this is that; in salt solutions, the predominant metal 
cation (usually sodium) is suppressed or “pushed back” onto the polymer’s 
functional group, thus increasing the distance between hydrated polymer 
molecules, which in turn causes the molecules to contract or coil and fluid 
viscosities to fall (Fink  2011; Moreno  2011; Wever, Picchioni and Broekhuis 
2011).This may be true in the case of lesser concentrated oil-field brines, such as 
calcium chloride etc. Also, bromide brines are incompatible with xanthan as they 
rapidly degrade the polymer molecules by acid hydrolysis. However, the sheer 
mass of formate salt capable of dissolving in water, to yield extremely low water 
activities, makes the formate brines so unique in characteristics especially in 
respect to their compatibility with xanthan gum (Howard 2009). 
From section 3.2, results have demonstrated that the viscosity of xanthan gum 
solutions (along with some other biopolymers) does not decrease in the presence 
of highly concentrated formate brine as expected, but in fact viscosity generally 
increases from that of water. With that said; to better understand xanthan 
hydration in saturated formate brines, viscosities of each stock solution were 
measured before any heat exposure and outlined in Table 3.4. Most authors 
agree that the optimum pH for xanthan hydration is around 7-8 (Glass et al. 1983, 
 arc  a-Ochoa et al. 2000, Seright and Henrici 1990) so samples were removed of 
any residual buffer and the pH corrected to around neutral for consistency. 
Newtonian brine viscosities were subtracted from the viscosified brines to illustrate 
purely xanthan contribution. 
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Table 3.4 Viscosities of Xanthan Solutions (8.57g/L) in Various Carboxylic Brines 
Brine 
Density 
(g/cm3) 
Salt 
Concentratio
n (mol/L) 
Water 
Activit
y 
(Aw)* 
Initial 
Brine 
Viscosit
y (cP @ 
50ºC) 
Viscosity 
– initial 
brine 
viscosity 
(cP @ 
50ºC)** 
Gel 
Strengt
h 
(10s/ 
10m) 
De-ionised 
water 
0.999 0 1.0 1 45 (+/-2) 21/25 
Sodium 
formate 
1.32 8.8 0.625 6 69 (+/-2) 23/32 
Caesium 
formate 
2.22 10.1 0.334 5 97 (+/-3) 27/71 
Potassium 
formate 
1.42 10.1 0.458 3 67 (+/-1) 23/31 
Potassium 
formate 
1.57 14 0.238 9 90 (+/-2) 20/30 
Monoethylen
e Glycol 
1.11 0 0.034 9 
109 (+/-
4) 
9/28 
*Water Activities were measured @25˚C on Labmaster water activity meter. 
**Duplicates were measured and averages were taken. 
According to results in Table 3.4, the viscosity of xanthan solutions generally 
increase with increased formate salt concentrations, the exception being caesium 
formate at 10.1mol/L which is far more viscous than in potassium at a similar 
concentration. This phenomenon is better explained in section 3.3.5.  
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Figure 3.20 Fann35 viscosities at 511s-1 of 8.57g/L xanthan gum in solution with various 
solutes 
These results, in contradiction to Moreno, 2011 and Fink, 2011; demonstrate that 
xanthan gum exhibits significantly greater viscosities in highly concentrated 
formate brines, than in de-ionized water where viscosity generally develops 
further with increasing salt concentration (see Figure 3.20). In fact, the 
viscosities of xanthan solutions actually increase with decreasing water activity 
which is an interesting anomaly. In agreement with these novel findings, was a 
study from the field of biotechnology, Garcia-Ochoa et al. 2000 who discovered 
that adding a large amount of salt to xanthan solutions of a sufficient anionic 
biopolymer concentration, actually raised fluid viscosity because of increased 
interaction between the polymer molecules, due to lack of “free space” in solution 
( arc  a-Ochoa et al. 2000). Also in agreement, Wyatt et al. 2011 proposed that if 
the concentration of monovalent salt ions in solution exceeds the polymers 
counter ions available for intermolecular repulsion (which it would do in each of 
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these formate solutions), then the electrostatic interactions will be screened 
allowing polymer chains to come into much closer contact and form a strong 
intramolecular network driven by hydrogen bonds. The effect is therefore notably 
more significant with regards to viscosity compared to polymer intermolecular 
associations that occur in pure water (Wyatt, Gunther and Liberatore 2011). 
However, Zhong et al. 2013 hypothesized that salt addition increases viscosity in 
aqueous xanthan solutions of sufficient biopolymer concentration, as it enhances 
intermolecular interaction by inducing local charge inversion and subsequent chain 
expansion. Further, there has been evidence that ion bridging may occur where 
either an intra or intermolecular ionic cross-link is formed to introduce a stiffer 
network (Zhong et al. 2013). All of the above are logical reasons to explain why 
xanthan viscosity develops further with decreasing water activities and increasing 
salt concentration in formate solutions. But essentially, one way or the other; lack 
of “free space” means individual polymer chains cannot move past one another as 
easily in solution which allows more intricate inter or/and intramolecular bonds to 
form.  
However, for contemplating gel strengths developed in xanthan viscosified 
formate solutions in comparison to water, the present research complies with oil-
field literature, suggesting that higher gel strengths are immediately produced in 
more salt concentrated solutions because of the much greater particle mass 
(Moreno  2011). Also in agreement, Downs, 1991 observed a reduction in 
pseudoplasticity (shear thinning effect) with increasing sodium formate salt 
concentration in comparison to water, which was also true for all concentrated 
formate brines evaluated in the current study (Downs  1991). 
Furthermore, to examine the theory that biopolymers must have free water in 
order to hydrate and viscosify the fluid (Moreno 2011), xanthan was sheared into 
non-aqueous, low molecular weight monoethylene glycol (MEG) to see if the 
biopolymer would dissociate in the absence of water. Surprisingly, xanthan 
hydrated more strongly in the glycol than it did in any of the formate brines, and 
produced more than twice the viscosity yield of pure water at the same 
biopolymer concentration. A similar anionic polysaccharide; welan gum (discussed 
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previously in section 3.2) is renowned to be soluble in polar organic solvents such 
as ethylene glycol which produces a higher viscosity than in aqueous solution. The 
central conclusion for this effect is that ionic interactions are far more significant in 
these solvents as they occupy a lower dielectric constant which can enhance the 
forces between charged polar groups on specific polymer molecules in comparison 
to water (Member and Morris 1995). Thus, according to Figure 3.20, xanthan 
seems to manifest a similar reaction in MEG as proposed for welan gum, so in the 
absence of salt and water, polymer electrostatic interactions can become stronger 
in certain non-aqueous fluids. 
 
3.3.3 Xanthan Stability in Caesium and Potassium Carboxylic Brines 
*Refer to section 2.1.8 & 2.1.10 to measure 16-hr stability and Tm values 
To evaluate the overall stability of xanthan gum in caesium and potassium 
formate brines under high temperature conditions, 16-hr dynamic ageing 
measurements and transition temperatures (Tm) were determined. 
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Table 3.5 16-Hr Temperature Stability of Xanthan gum (8.57g/L) in Formate brines 
Brine pH 
(AHR 
150ºC) 
Initial 
Brine 
Viscosity 
@ 50ºC 
(cP) 
Starting 
viscosity 
(cP) 
50% 
viscosity 
loss (cP) 
16-hr 
Stability 
“present 
study” 
(ºC)*2 
16-hr 
Stability 
Formate 
Manual 
(ºC)*3 
De-ionized 
Water 
(0.999g/cm3) 
6.27 1 45 (+/- 
2)* 
23 97 (+/-3) 100 
Sodium 
formate 
(1.32g/cm3) 
6.75 6 58 32 166 (+/-6) 166 
Caesium 
formate 
(2.20g/cm3) 
9.56 5 41 23 166 (+/-2) NA 
Potassium 
formate 
(1.57g/cm3) 
6.6 9 85 47 178 (+/-1) 180 
Caesium 
acetate 
(2.20g/cm3) 
9.51 22 95 58.5 163 (+/-0) NA 
Cs/K formate 
blend 
(2.0g/cm3) 
9.06 6 53 29.5 172 (+/-2) NA 
Cs/K formate 
blend 
(1.80g/cm3) 
7.98 7 85 46 175.25 
(+/-2.5) 
NA 
Caesium 
Acetate/ 
Formate 
(50:50 blend 
2.20g/cm3) 
9.62 10 78 44 163 (+/-3) NA 
*Water starting viscosity is recorded before hot-rolling (BHR), and not AHR@150ºC as it 
degrades almost completely at this temperature. Duplicates were measured for a more 
representative result (all within, +/- 2cP). 
*2One duplicate for each test and average value displayed in Figure 3.21. 
*3Data from the Formate Manual was taken from section B5 (Howard, 2009) 
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Figure 3.21 16-Hr stability limit of 8.57g/L xanthan gum in the various concentrated 
brines 
Using graphs similar to Figure 2.5 to estimate 16-hr stability temperature of 
xanthan gum in each of the brines, it can be concluded from Figure 3.21 that 
xanthan has the highest 16-hour temperature stability limit in potassium formate; 
however it is clear that all of the formate salts significantly protect the biopolymer 
from premature oxidative and hydrolytic degradation at high temperatures in 
comparison to water. The greater stability in highly concentrated solution is 
thought to be associated with the nature of the helix-coil conformational transition 
(Downs 1991, Howard 2009). The excess salt makes the polymer structure in 
solution more compact, with increased interaction between the charged 
trisaccharde side chains, therefore favouring the rigid double-stranded helical 
arrangement of xanthan gum ( arc  a-Ochoa et al. 2000). In spite of this, it has 
since been hypothesized in section 3.2; that the “high salt limit” present in these 
concentrated formate brines “screens” the charges on polyelectrolytes to render 
them non-ionic, so interactions between the charged groups will become negligible 
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and stronger intramolecular hydrogen bonding will prevail, according to Wyatt et 
al. 2011 (Wyatt, Gunther and Liberatore 2011). However, it is impossible to know 
for certain the exact mechanism for the improved stabilization of xanthan by 
formate salt without the use of more advanced characterization techniques, as 
solution rheology only becomes increasingly more complex at higher 
temperatures.  
In general, xanthan stability increases with increasing monovalent salt 
concentration which is in close agreement with results in Figure 3.21 as 
potassium formate at saturated density has a higher molar concentration than any 
of the other brines tested in this study (14mol/L). The 16-hr stability temperature 
also declines with decreasing salt concentration, for all brines (with the exception 
of 50:50 CsAc CsFo blend) which seem to bear a negative effect when 
administered in combination with one another. The clear advantage formates have 
over alternative monovalent brines, such as sodium chloride with regards to 
stabilizing polymers is that they can solubilize to far greater concentrations in 
water (Howard 1995). Thus, aside from their additional antioxidant, water-
structuring properties; the main stabilizing mechanism of the formates is that they 
are very concentrated in solution, which allows very little “free-space” so the 
polymer chains are forced closer together to form a more rigid ordered network. 
For applications in the field, caesium and potassium formate are commonly 
blended for intermediate densities to keep the salt concentration high and reduce 
overall cost of the brine – as caesium formate is a lot more expensive than 
potassium.  Normally, the only reason density would be decreased using water 
instead of a lower density brine is to reduce TCT (true crystallization 
temperature). Table 3.5 illustrates that adding a relatively small proportion of 
potassium formate to caesium, increases the temperature stability of xanthan by a 
further 10ºC. At the lower density blends, with a higher ratio of stock potassium 
formate and a greater overall salt concentration, xanthan stability is increased 
even further (see section 3.3.4). 
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In agreement with the current study, previous literature shows that xanthan in 
potassium formate acquires the highest 16-hr stability limit and transition 
temperature profile in comparison to similar high density formate brines (Downs  
1991; Howard  2009). These studies have also indicated that 16-hr stability 
temperature is strongly related to xanthan’s transitional or melting temperature 
(Tm) therefore it is assumed that the other alkali-metal salts will follow a 
comparable stability trend when measuring Tm in the same fluids. 
Table 3.6 Transition Temperatures (Tm) of Xanthan in Formate Brines (unbuffered) 
Formate 
Brine 
Density 
of Brine 
(g/cm3
) 
pH 
(brine + 
xanthan) 
Transition 
Temperatur
e [current 
study] (ºC)* 
Transition 
Temperatur
e [Formate 
Manual] 
(ºC)*2 
16-Hr 
Stability 
[current 
study] 
(ºC) 
16-Hr 
Stability 
[Format
e 
Manual] 
(ºC)*2 
Sodium 1.32 7.41 185 182 160 160 
Potassium 1.57 6.64 199 201 177 <180 
(1.59g/c
m3) 
Caesium 2.2 6.69 177 157 164.5 NA 
*All transition temperatures were measured on BHR fluid with one duplicate.  
*2Data from the Formate Manual was taken from section B5 (Howard 2009) 
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Figure 3.22 Differences in measured Tm of xanthan gum (8.57g/L) in caesium, 
potassium and sodium formate from current study compared to already published data 
from Formate manual (Howard 2009) 
Results from Figures 3.21 & 3.22 with regards to 16-hr stability and transition 
temperatures of xanthan in water, sodium and potassium formate brine are 
generally in agreement with Howard, 2009; and the Cabot Specialty Fluids 
Formate Manual (Howard 2009). However, the measured Tm for xanthan in 
2.20g/cm3 caesium formate is 20ºC higher than previously recorded – which is a 
significant finding with respect to promoting its stabilizing potential. With that 
said, the current caesium formate stock has a larger content of contaminants than 
ever before which may account for the increased Tm, as the lighter impurities can 
occupy more “free space” in solution, promoting the rigid double helix 
conformation of xanthan gum. Also, the data measured for the Formate manual 
was evaluated using pure grade caesium formate from Chemetall, which in turn 
will have a higher water activity (Aw) due to lack of contaminants allowing more 
“free space” for decomposition reactions to be able to occur. The MARS III modern 
HPHT rheometer measures viscosity with air bearings on the rotor, whereas the 
157 
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older style rheometer would have used mechanical bearings, which will not give as 
accurate readings so perhaps measuring technique is crucial for specific samples. 
The current study has also established 16-hr biopolymer stabilities for brines not 
previously classified in literature for example, caesium acetate, formate blends 
etc. re-iterating the relevance of the present research.  
 
3.3.4 Xanthan Stability in Caesium/Potassium Formate Blended Brines 
*Refer to section 2.1.10 to measure Tm values 
As previously mentioned in section 3.3.3, it is common practice in the field to 
blend caesium and potassium formate brines for additional benefits between 
densities 1.57g/cm3 and 2.20g/cm3. One of these benefits is superior polymer 
stabilization as blending the two, instead of adding water increases the overall 
formate molar concentration. 
In order to evaluate the most favourable Cs/K formate brines for maximum 
stability, xanthan transition temperatures and 16-hr stabilities were measured for 
the standard blends and plotted in Figure 3.23. A caesium/potassium formate 
“standard blend” represents a solution prepared solely from stock brines 
(1.57g/cm3 potassium and 2.20g/cm3 caesium formate) so the ratio of 
caesium/potassium formate molecules can easily be determined. However, Cs/K 
formate “field” brine is almost never a standard blend because of the CSF 
recycling process which often means diluting with other non-standard brines or 
water, so the definition of a fluid mixed with anything other than stock density 
caesium or potassium formate i.e. adding or removing water, is known as a “non-
standard blend.”  
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Figure 3.23 Xanthan’s (8.57g/L) transition temperature (Tm) and 16-hr stability of 
caesium/potassium formate standard blends 
Since potassium formate is the better stabilizer, xanthan Tm and 16-hr stability 
decreases with increasing density and caesium concentration – but is still a vast 
improvement to the stability (or Tm) measured in pure caesium formate brine 
(see. dotted green line in Figure 3.23). Thus, results from this section reconfirm 
the obvious benefits of blending caesium/potassium formate brines for 
intermediate densities (1.57g/cm3 -2.20g/cm3). 
A further observation gathered from the standard blend results, is that xanthan 
stability generally improves with decreasing water activity. To put this theory to 
the test; a variety of non-standard Cs/K formate blends were prepared by boiling 
standard brines to higher densities and re-testing their xanthan transition 
temperatures. 
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Figure 3.24 Difference in Xanthan Tm between standard and non-standard Cs/K formate 
blends 
Density of 
std. blend 
(g/cm3) 
Density of non-std. 
blend (g/cm3) 
Water Activity 
(Aw @ 25ºC)* 
 
Transition 
Temperature (ºC) 
Initial 
Density 
Density 
After 
Boiling 
Std. blend 
Non-
std.blend 
after 
boiling 
Std. blend 
Non-
std.blend 
after 
boiling 
1.70 1.60 1.65 0.268 0.182 197 201 
1.80 1.70 1.80 0.275 0.152 194 197 
1.90 1.80 1.90 0.282 0.188 189 192 
2.0 1.90 2.0 0.29 0.187 186 188 
2.1 2.0 2.1 0.295 0.189 181 184 
*Water Activities were measured @25˚C on Labmaster water activity meter. 
**All fluids were un-buffered and had pH 6-7 for consistency. 
Commercial in Confidence 
 
89 
 
 
Figure 3.25 Xanthan (8.57g/L) transition temperature (Tm) in caesium/potassium 
formate standard and non-standard brines 
Results from Figure 3.25 confirm that evaporating water to increase the density 
does in fact, increase Tm by around 3ºC without increasing the ratio of stock 
potassium (1.57g/cm3) to caesium formate (2.20g/cm3) solution. Therefore, 
decreasing water activity and maximizing formate molar concentration does 
preferentially increase xanthan stability as expected, however it is still not as 
effective as directly increasing the proportion of saturated potassium formate 
added to the blend. Whether this is purely due to the higher molar concentration 
in stock potassium (14mol/L) compared to caesium formate (9.9mol/L) or a 
genuine effect of the cation - will be discussed in section 3.3.5. 
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3.3.5 Comparing Xanthan Properties in Caesium and Potassium Formate 
on a Molar Basis 
*Refer to section 2.1.10 to measure Tm values 
Considering previous results from section 3.3.3; comparing 16-hr xanthan 
stability tests and transition temperatures of the various brines, it can be 
concluded that potassium formate (1.57g/cm3) prolongs xanthan degradation to 
higher temperatures than any other formate fluid. Nevertheless, potassium 
formate has a far higher molar concentration at saturation density compared to 
any of the other brines, which is thought to be the reason for its superior ability to 
stabilize biopolymers. 
Table 3.7 Molar concentration of carboxylic brines at near saturation (Howard 2011b) 
Brine Type 
Density 
(g/cm3) 
Molar 
Concentration 
(Mol/L) 
% Salt in Soln. 
(Mol%) 
Sodium formate 1.32 8.8 18 
Potassium formate 1.57 14 39.1 
Caesium formate 2.2 9.9 28.2 
 
Therefore, to understand xanthan stability in caesium and potassium formate 
without the concentration variable, solutions of caesium and potassium formate 
were prepared using the same molar concentration (10.1mol/L) to evaluate any 
direct effects of the cation in increasing the temperature stability of xanthan gum. 
 1.42g/cm3 potassium formate, pH 6.6, no buffer 
 2.22g/cm3 caesium formate, pH 6.9, buffer removed 
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Figure 3.26 Transition temperature (Tm) and viscosities of caesium and potassium 
formate brine with 8.57g/L Xanthan at the same molar concentration 
At comparable molar concentrations, results from Figure 3.26 confirm that 
potassium formate is still superior to caesium at prolonging xanthan degradation, 
according to the measured transition temperature – so altering the cation has a 
genuine influence on xanthan stability. This effect of the cations will be discussed 
further in section 3.3.6. However, when comparing starting viscosities 
(AHR@150ºC), the same concentration of biopolymer generates more than 30% 
extra viscosity in caesium formate than in potassium formate. This phenomenon 
can possibly be explained by conclusions gathered from section 3.3.2, where 
caesium formate is much closer to saturation density at 2.20g/cm3 than potassium 
at 1.42g/cm3, so the molecules in solution are more tightly packed together which 
forces increased interaction between the polymer chains. Moreover, Lei and Clark, 
2004 suggested that salts with large bulky cations (such as caesium) will minimize 
the screening effect in polymers, compared to potassium and sodium which are 
particularly effective at screening charges in solution (Lei and Clark 2004). So the 
77 
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larger size of the caesium cation compared to potassium can promote further 
electrostatic interaction between the xanthan trisaccharide side chains to stretch 
the polymer molecules due to decreased screening efficacy. In addition, caesium 
formate has a far lower water activity of 0.334 Aw at 10.1mol/L than potassium 
(0.458Aw) so this corroborates the trend suggested in section 3.3.2 that viscosity 
of formate xanthan solutions increase with decreasing water activities. Previous 
literature also has highlighted that with regards to salts, varying cation size and 
valence in polymeric solutions can massively affect rheology (Wyatt, Gunther and 
Liberatore 2011). 
Conclusions of this study combined with extensive literature research, has made it 
clear that xanthan hydrated in solution with concentrated formate brine has a 
unique behaviour which is largely dissimilar to that of water-soluble polymers 
dissolved in traditional brines still used in the oil-field industry today. This is due 
to their ability to increase the viscosity yield of xanthan, as opposed to decreasing 
it by shielding ionic interaction. 
 
3.3.6 The Cation Effect on Xanthan Stability 
*Refer to section 2.1.10 to measure Tm values 
Since the formate anion (HCOO-) is a powerful “salting-out” water structure 
maker, it is thought to be the reason for the enhanced polymer stability observed 
in alkali metal formates, affiliated with their unique ability to solubilize to high 
concentrations in water (Howard 1995). However, knowledge learned from section 
3.3.5 has confirmed that the higher molecular concentration of formate in solution 
is not the sole justification for superior polymer stability and thus the conjugate 
metal cation also contributes to the effect in some way. 
Subsequent to the original Hofmeister series of anions arranged in order of their 
increasing ability to “salt out” proteins and macromolecules, it was soon 
recognized that the associated cation can also affect the hydrogen bonding 
network of water in a similar manner (Marcus 2012). However, the effect is 
subsidiary to the dominant role of the anion in promoting the Hofmeister response 
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largely due to the repulsive interactions of positive charges at the active sites on 
the polymer chain. Nevertheless, the Hofmeister series for cations has been 
established for a given anion (Tóth et al. 2008): 
K
+
 > Na
+
 > Cs
+ 
> Li
+
 > Mg
2+
 > Ca
2+
 > Ba
2+ 
To investigate whether the Hofmeister effect for cations is true for alkali metal 
formates; monovalent lithium, sodium, potassium and caesium brines were 
prepared at similar formate molar concentrations (5mol/L) and their xanthan Tm 
was measured using the Haake MARS III HPHT rheometer pressure cell. 
Table 3.8 Xanthan Tm of Formate brines at 5mol/L concentrations 
Formate Brine Density (g/cm3) 
Transition 
Temperature (ºC) 
Water Activity 
(Aw @ 25º)* 
Lithium 1.15 160.5 (+/-0.5) 0.752 
Sodium 1.20 164.5 (+/-0.5) 0.784 
Potassium 1.23 166.25 (+/-0.25) 0.756 
Caesium 1.61 164.5 (+/-0.5) 0.755 
*Water Activities were measured @25˚C on Labmaster water activity meter. 
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Figure 3.27 Xanthan Tm in 5mol/L lithium, sodium, caesium and potassium formate 
solutions 
According to Figure 3.27, at similar formate molar concentrations; the sequence 
of cation “salting out” effects generally follows the Hofmeister series though only 
slight differences in Tm separate the cation’s stabilizing abilities, which is in close 
agreement with previous studies (Marcus 2012; Tóth et al. 2008). However, in the 
more concentrated solutions (e.g. 10.1mol/L, see section 3.3.5), the cation’s 
effect is clearly more conclusive as potassium formate Tm is 12ºC higher than 
caesium formate at the same molar concentration. A credible explanation for this 
is; the formates unique ability to solubilize to high concentrations in water, allows 
the Hofmeister effect or “salting-out” of cations to become more pronounced as 
the solution becomes more saturated. 
Results from Figure 3.27 illustrate that the stabilizing potential of xanthan gum 
in caesium and sodium formate at 5mol/L are the same, although sodium formate 
according to the Hofmeister effect of cations should be slightly higher. The sodium 
formate salt utilized to create the 5 mol/L brine was analytical grade and therefore 
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Effect of Varying the Cation in 5mol/L Formate 
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should contain very little residual impurities, whereas current stock caesium 
formate has a slightly higher volume of contaminants than usual i.e. sodium, 
lithium etc. – see section 3.3.3. Since the density for the 5 molar caesium 
formate solution was referenced from the Formate manual (Howard 2009), it 
assumed that all dissolved material is pure caesium formate, and therefore to 
apply those values to the current stock – will result in a slightly higher molar 
concentration as it does not account for the excess contaminants. These excess 
salt “contaminants” can contribute to salinity and may be accountable for the 
slight increase in xanthan Tm. Further, Table 3.9 illustrates that sodium formate 
has a slightly higher water activity than the others (perhaps due to lack of 
contaminants), which could also potentially contribute to a reduction in Tm 
according to results from section 3.3.4. 
 
3.3.7 Buffer and pH Effects on Xanthan Stability in Caesium and 
Potassium Formate Brine 
*Refer to section 2.1.8 & 2.1.10 to measure 16-hr stability and Tm values 
With regards to water-soluble polymers, it has been well documented in literature 
that altering pH can affect hydration properties in oil-field brines (Norton, 
Spyropoulos and Cox 2010; Glass et al. 1983). However, there are limited 
research studies on the effect of buffer and/or pH on the stability of biopolymers 
at high temperatures – especially in the alkali metal formates. Therefore, xanthan 
stability tests were implemented to conclude whether the carbonate/bicarbonate 
buffer system does actually affect the biopolymer’s viscous characteristics or 
conformational transition temperature (Tm) and if so, to what extent in 
concentrated caesium and potassium formate brines. 
All of the formates are naturally alkaline in nature, but on this occasion the stock 
potassium formate at 1.57g/cm3 has a measured pH in between 6 and 7, whereas 
concentrated caesium formate (2.20g/cm3) has a pH of around 10-10.5.  Stock 
potassium has no added buffer whereas the caesium formate stock has the 
equivalent of 18g/L potassium carbonate/bicarbonate buffer (13.3g/L K2CO3 and 
5g/L KHCO3), which can inhibit polymer hydration – as observed in section 3.2.5.  
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Table 3.9 16-hr Temperature Stability for Caesium and Potassium Formate with 
8.57g/L xanthan, buffered and unbuffered 
Brine 
Type 
Density 
(g/cm3) 
pH 
(brine + 
xanthan) 
Buffer? 
(Y/N) 
Starting 
viscosity 
AHR@150ºC 
50% 
Viscosity 
Loss 
(cP) 
16-hr 
Stability 
Temp 
(ºC) 
Caesium 
formate 2.20 10.2 
Y 
(13.2/5gL 
carb/ 
bicarb) 41 23 164.5 
Caesium 
formate 2.20 9.7 N 75 40 166.5 
Caesium 
formate 2.22 6.9 N 77 41 165 
Potassium 
Formate 1.57 9.2 
Y 
(3.31/9.2
2gL carb/ 
bicarb) 84 46.5 171.25*2 
Potassium 
formate 1.57 6.6 N 87 48 178*2 
Potassium 
formate 1.57 9 N 87 48 179 
*16-hr stability temperature was measured using a plot of 16-hr hot roll 
temperature (ºC) vs. viscosity (cP), chapter 3.5. 
*2Average (16-hr stability temperature), one duplicate. 
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Figure 3.28 16-Hr stability temperatures for caesium and potassium formate stock 
brines varying buffer levels and pH 
Figure 3.28 illustrates that the presence of buffer in concentrated potassium 
formate stock brine can decrease 16-hr stability temperature by around 7-8°C, 
however the viscosity is similar to that observed in unbuffered brine at varied pH 
(after dynamic ageing at 150°C). In contrast, adding buffer to caesium formate 
(2.20g/cm3) doesn’t seem to affect the Tm much, but drastically reduces xanthan’s 
viscosity in solution – to just over half that in the same brine with the residual 
buffer content removed. Worth noting is; in the unbuffered brines where pH was 
increased to 9-10, pH instantly drops down to around 6-7 during hot-rolling even 
at the lower temperatures so it is unsurprising that there are little differences in 
properties between unbuffered samples of varying pH. Therefore, in order to 
accurately evaluate whether it is solely pH or buffer content responsible for the 
decrease in Tm and/or viscosity, rheology profiles were recorded using the Haake 
MARS III HPHT rheometer pressure cell system for shorter term tests (1-2 hours) 
which are less likely to induce this two-to-three fold drop in pH.  
164.5 
166.5 
165 
171.25 
179 
178 
41 
75 
77 
84 
87 
87 
0 20 40 60 80 100 120 140 160 180
Caesium Formate, buffered 17.1g/L, pH 10.2
Caesium Formate, pH 9.7
Caesium Formate, pH 6.9
Potassium Formate, buffered 11.4g/L, pH 9.2
Potassium Formate, pH 9
Potassium Formate, pH 6.6
16-Hr Stability Temperature of Stock Caesium 
(2.2g/cm3) and Potassium (1.57g/cm3) 
Formate Brines 
Starting Visc AHR@150°C (cP) 16-Hr Stability Temperature (°C)
Commercial in Confidence 
 
98 
 
Table 3.10 Transition Temperatures (Tm) of Caesium and Potassium Formate at varying 
pH and buffer content* 
Brine Type 
Density of 
base brine 
(g/cm3) 
pH (brine + 
xanthan) 
Buffer? (Y/N) 
Transition 
Temperature 
(ºC) 
Caesium 
formate 
2.21 10.71 
Y (41.5/6.37gL 
carb/bicarb) 
174.5 (+/-0.5) 
Caesium 
formate 
2.20 10.1 
Y (13.2/5gL 
carb/bicarb) 
175.5 (+/-0.5) 
Caesium 
formate 
2.20 6.69 N 178.5 (+/-1.5) 
Caesium 
formate 
2.20 8.54 N 176 (+/-0) 
Caesium 
formate 
2.20 9.66 N 177 (+/-1.5) 
Cs/K 
formate 
2.0 6.66 N 187 (+/-1) 
Cs/K 
formate 
2.0 10.1 
Y (8.57/4.57gL 
carb/bicarb) 
186 (+/-0) 
Potassium 
formate 
1.58 7.45 
Y (0/20.28gL 
carb/bicarb) 
198.5 (+/-0.5) 
Potassium 
Formate 
1.58 9.97 
Y (13.82/16.43gL 
carb/bicarb) 
189 (+/-0) 
Potassium 
formate 
1.57 6.64 N 199.5 (+/-0.5) 
Potassium 
formate 
1.57 7.87 N 198 (+/-1) 
Potassium 
formate 
1.57 11.61 N 199 (+/-1) 
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*All transition temperatures were measured on BHR fluid with one duplicate and 
around 20 bar initial pressure exerted to prevent the fluid from boiling. See 
section for full transition temperature measurement method. 
 
Figure 3.29 Viscosity and transition temperatures of caesium formate brine (2.20g/cm3), 
viscosity was measured at 170°C before Tm 
With regards to unbuffered caesium formate, Figure 3.29 illustrates that lowering 
pH to around 7 has little effect on Tm but does however massively influence 
solution viscosity considering the decrease in viscosity values as the pH becomes 
more alkaline. This is consistent with the literature as most authors agree that the 
optimum pH for xanthan hydration is around neutral (Seright and Henrici 1990, 
Glass et al. 1983). Another interesting discovery when measuring HPHT rheology 
of xanthan in standard caesium formate stock brine is the presence of residual 
buffer (13.3g/L carbonate/5g/L bicarbonate) inhibits the biopolymer’s viscosity by 
around 25% compared to unbuffered brine of a similar pH – and is 65% less 
viscous than the same solution with reduced pH. Adversely, heavily buffering the 
fluid actually increases xanthan solution viscosity with actual Tm only slightly 
reduced with carbonate/bicarbonate addition in caesium formate brine.  
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Figure 3.30 Viscosity and transition temperatures of potassium formate brine 
(1.57g/cm3), viscosity was measured at 180°C before Tm 
Comparable to stock caesium formate, Figure 3.30 demonstrates that increasing 
pH in unbuffered potassium formate brine dramatically reduces solution viscosity 
but does not affect Tm. Literature studies suggest that between pH ranges 6-11, 
degradation is unlikely to occur due to acid hydrolysis or base catalysed 
fragmentation reactions, but changes in xanthan hydration properties are 
expected due to the dissociation characteristics of the polymer’s carboxyl group 
(Moreno  2011, Norton, Spyropoulos and Cox 2010). Also, a similar trend can be 
observed adding buffer to potassium formate; the viscosity generally decreases 
with small K2CO3/KHCO3 additions but if an excess is added, viscosity will 
eventually increase even in highly alkaline solution (see Figure 3.30). With that 
said, far less carbonate/bicarbonate (only 28.57g/L) will readily dissolve in 
potassium formate, compared to caesium at stock densities - presumably because 
of its higher salt concentration (14mol/L) and lower water content. Unfortunately 
though, the excess buffer can be detrimental to the biopolymer’s stability and 
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reduce the Tm in potassium formate by as much as 10ºC. The addition of buffer to 
potassium formate also reduces xanthan’s 16-hr stability temperature by around 
7-8°C; even at a much lower concentrations (11.43g/L). 
The highest recorded transition temperatures have been discovered in xanthan 
products containing minimum pyruvate and maximum acetate groups in their 
trisaccharide chain (Downs 1991; Renou et al. 2013). However, Ash et al. 1983 
suggested that the acetyl groups in xanthan are completely removed at pH 12, 
even at room temperature – so perhaps the presence of buffer in formate 
solutions is lowering the Tm due to progressive removal of acetyl groups at the 
increased pH (Glass et al. 1983). If this is true, then the effect is conceivably 
more pronounced in potassium formate rather than caesium, due to the higher 
Tm; and therefore collapse of helical aggregates becomes more sensitive at 
extreme temperatures (190-200ºC). It is interesting that increasing pH without 
adding buffer, generally does not affect Tm – wherefore a specific concentration of 
carbonate/bicarbonate in solution must induce a slight conformational change 
which either exposes susceptible sites on the polymer backbone or inhibits the 
hydrogen bonding network in some way. Furthermore, as observed with the 16-hr 
stability tests; the pH will drop rather quickly without buffer present, even with 
the faster tests in the MARS III rheometer – so the decreasing pH at high 
temperature could potentially cancel out removal of acetyl groups from xanthan’s 
prevalent side chains if this is in fact the impeding mechanism. 
The present findings are in contradiction with studies by Glass et al. 1983, and 
Levitt et al. 2011 who suggested that the carbonate/bicarbonate buffer increases 
xanthan stability by preventing measures, such as; acid-hydrolysis of the β-
glycosidic backbone (Glass et al. 1983) and the auto-oxidation of iron to redox 
cycle (Levitt et al. 2011). Also, in a recent CSF study by Howard & Downs, 2009 
on the carbonate/bicarbonate package in formate brines, they mention that the 
buffered brines protect water-soluble polymers by preventing the pH decreasing to 
a range where acid hydrolysis can persist (Howard and Downs 2009). This is more 
than likely true; however there has been no evidence thus far in literature or 
laboratory research to illustrate the direct effect of the carbonate/bicarbonate 
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buffer with regards to the hydration and melting temperature (Tm) of xanthan 
gum. Therefore, measuring such effects of the carbonate/bicarbonate buffer in 
high density brines, such as the formates and noting unexpected differences, 
consolidates the significance of this novel research. 
 
3.3.8 Using Additives to Enhance Thermal Stability of Xanthan in 
Potassium formate brine 
Numerous stabilizing additives can be used to push the stability limits of xanthan 
gum to higher temperatures in high salinity formate brines. These are anti-
oxidants, oxygen scavengers, cross-linkers, polyglycols and many other thermal 
extender products.  Since potassium formate is by far the best promoter of 
xanthan stability at saturated densities, it was the brine of choice for testing these 
products in. 
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Table 3.11 Stabilizing Additives Trade names and Composition 
Brand Name 
Generic Name/ 
Composition 
Primary Function Manufacturer/Supplier 
NOxygen XT Sodium Erythorbate Oxygen Scavenger Baker Hughes 
Oxygon Sodium Erythorbate Oxygen Scavenger BAROID 
PEG 200 
Polyethylene Glycol 
(mol. weight 
200g/mol) 
Shale Stability Sigma-Aldrich 
PEG 400 
Polyethylene Glycol 
(mol. weight 
400g/mol) 
Shale Stability Sigma-Aldrich 
Aktaflo-E 
Oxyethlated alkyl 
phenol liquid 
Surface Active 
Agents 
BAROID 
Activator II 
Magnesium Oxide 
and Oligosaccharide/ 
Lignin blend 
Polymer Stabilizer M-I SWACO 
MagOx Magnesium Oxide 
Alkalinity pH 
control 
Sigma-Aldrich 
Lamox NA 
Sodium Hydrogen 
sulphite 
Oxygen Scavenger Lamberti 
KI Potassium Iodide Antioxidant Sigma-Aldrich 
Ecco Temp Nitrilotriethanol 
Temperature 
Stabilizer 
Baker Hughes 
Rheomate Zirconium citrate 
Thinner/ 
Temperature 
Stabilizer 
Lamberti 
Safescav CA 
Organic sulphur free 
additive 
Oxygen Scavenger M-I SWACO 
MEA 2-Aminoethanol 
Antioxidant, pH 
buffer 
Sigma-Aldrich 
MEG Ethylene Glycol Hydrate Inhibition Sigma-Aldrich 
 
After 16 hours dynamic ageing at 190ºC, xanthan in potassium formate without 
any additives degrades almost completely – 10cP (see Figure 3.31), so the 
various thermal extender products administered in controlled concentrations are 
supplemented to prolong degradation at this temperature and higher. Most of the 
thermal extender products listed above are acknowledged (at least in part) to; 
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stabilize biopolymers because of their ability to inhibit the formation of oxygen 
radicals which play a major role in the degradation of polysaccharides. High 
density formate brines are already strong antioxidants in themselves, so additional 
stabilizer products are normally not required for drilling and completion in the field 
unless BHT’s are expected to be in excess of 170ºC. However, at these 
temperatures and above, the salt concentration becomes less effective as thermal 
stabilizers as the heat reduces intra- and intermolecular reactions between the 
trisaccharide side branches and the glycosidic backbone – so the polymer links are 
more readily available for chemical attack (Wellington 1983). Additives which 
possess anti-oxidant or scavenging qualities include; MagOx, PEG 200/400, MEG, 
sodium erythorbate, potassium iodide, Lamox NA, Safescav CA, MEA and Activator 
II. An exception to the rule includes; Aktaflo-E, an oxalated alkyl phenol liquid, 
which instead adds aromatic rings to the backbone of polymer chain to increase 
thermal stability (Moreno 2011).  
In addition, Newtonian viscosities were measured for the liquid additives to 
confirm whether increased base viscosity could be responsible for improved 
stability after dynamic ageing, however all additives (5% MEG, 2% MEA, 3, 5 &7% 
PEG 200/400, 5.7g/L Aktaflo-E, 3% Ecco Temp, 0.5, 2% Lamox NA) altered 
Newtonian viscosity by no more than 1cP, so it can be concluded that base 
viscosity difference is negligible.
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Figure 3.31 Percentage viscosity increase from control after hot-rolling for 16 hours @ 190ºC with stabilizing additives
0 20 40 60 80 100 120 140 160 180 200
5% PEG 200 + 5.7g/L MagOx
5% PEG 200 + 5.7g/L MagOx+5.7g/L Oxygon
3% PEG 200 + 5.7g/L MagOx
5% PEG 400 + 5.7g/L MagOx
5.7g/L MagOx+5.7g/L Oxygon
0.5% Lamox NA + 5.7g/L MagOx
3% Ecco Temp + 5.7g/L MagOx
5.7g/L Safescav CA + 5.7g/L MagOx
5% MEG + 5.7g/L MagOx
7% PEG 200 + 5.7g/L MagOx
7.5ppb KI + 5.7g/L MagOx
5.7g/L MagOx
2% Lamox NA + 5.7g/L MagOx
5.7g/L Activator II + 5.7g/L MagOx
7.14g/L Aktaflo-E + 5.7g/L MagOx
5.7g/L Safescav CA
% Viscosity Increase from Control (Potassium Formate + Xanthan with No 
Additives)   
Thermal Stabilizing Additives Increase Xanthan 16-Hr 
Stability in Potassium Formate Brine @ 190°C 
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Figure 3.31 illustrates the additives (or combination thereof) successful in 
increasing the temperature limit of xanthan gum in potassium formate brine. 
However, upon closer inspection of Figure 3.31; most additives perform at their 
best when combined with magnesium oxide (5.7g/L), for example; none of the 
thermal stabilizers in Table 3.11 (with the exception of Safescav CA) actually 
improve xanthan stability exclusively after dynamic ageing for 16 hours at 190ºC 
and above. In fact, Aktaflo-E, Rheomate and Activator II actually decrease 
stability as MagOx protects the biopolymer to higher temperatures on its own. 
Additives which can disrupt the hydrogen bonding among pyranose units will 
therefore prefer the unstable coiled conformation of xanthan in solution, thus 
decreasing Tm and leaving the polymer backbone more susceptible for 
decomposition.  
In absence of stabilizing additives, another factor which could promote 
degradation by redox cycling is residual salt contamination in the polymer (Glass 
et al. 1983; Levitt et al. 2011). Samples of Xanvis® were measured by SEMEDAX 
elemental analysis at the Robert Gordon University which illustrated a low level of 
counter ions and contaminants recordable in the powdered form – namely sodium, 
potassium, sulphur, phosphorus and magnesium (full data available in Appendix). 
Seright & Henrici, 1990 explicates that because of the charged trisaccharide side 
chain associated with xanthan, there will be a small amount of alkali metal ions 
(around 100ppm) present in the polymer solution, which is in close agreement to 
X-ray analysis gathered from RGU (Seright and Henrici  1990). 
Magnesium oxide is most commonly used as a source of alkalinity or pH buffer in 
fluids but is often added to extend the temperature limit of polymers as it deters 
acid hydrolysis. Magnesium compounds such as MagOx, can also bind transition 
metals, inhibiting their catalytic activity for redox cycle in oxygen saturated 
solutions. MagOx also inhibits hydro peroxide formation to prevent oxidative 
degradation of the biopolymer, however Glass et al., 1983, observed that it was 
completely ineffective in solutions where a scavenger (such as sodium dithionite) 
had been previously added to remove the oxygen (Glass et al. 1983). In another 
instance, MagOx is a cross-linking activator so could potentially be initiating 
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linkages between individual xanthan macromolecules and/or other additives to 
enhance further stability. Magnesium oxide is an interesting product in that it does 
not induce cross-linking straight away, but tends to activate over the course of a 
few hours (or when exposed to high temperatures). Thus, its application is 
especially suited for LCM or fracturing pills where viscosity is ideally maximized 
down hole (Horton and Prasek 2009). 
Results from the present study, confirm that MagOx is a powerful additive in terms 
of decreasing xanthan degradation in potassium formate brine at high 
temperatures. Figure 3.32 is evidence of the potential synergies of each product 
with MagOx.  
 
Figure 3.32 Thermal stabilizers increase xanthan stability in combination with (5.7g/L) 
magnesium oxide 
All of the thermal extender products (Table 3.11) increased xanthan stability in 
potassium formate at least to some degree when administered with magnesium 
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oxide, however the preferred additive or combination applied were; 5% (v/v) PEG 
200 with 5.7g/L MagOx – which increased viscosity by over 50% from the control 
(control = 19cP after hot-rolling at 190ºC). In the past, polyglycols have been 
added to drilling fluids to provide enhanced shale stabilization or to inhibit the 
formation of marine gas hydrates when drilling. However, van Oort et al, in 1997 
recognized that certain polyglycols can improve the high pressure/high 
temperature (HPHT) stability of xanthan and other well-known polymers in water-
based fluids. Polymer and polyglycols associate by intermolecular hydrogen 
bonding and hydrophobic interactions; the association/complexation reactions help 
stabilize the polymer at high temperature. Three polyglycol types; polyethylene 
glycol (PEG), polyalkene glycol and fatty amine ethoxylate used in an optimum 
concentration of 5% (v/v) were found to enhance xanthan stability in potassium 
formate drilling fluid to around 190 to 200ºC. To compare with van Oort’s previous 
findings, two of the polyglycols tested in the 1997 paper (PEG, molecular weight 
200 & 400) was re-evaluated in potassium formate to conclude that the glycol 
itself is relatively ineffective in stabilizing xanthan to higher temperatures (190 
&200ºC), unless combined with MagOx (5.7g/L). Although, magnesium oxide is 
not specifically mentioned in van Oort’s paper, 16-hr stability was measured in 
water-based drilling fluids as opposed to dynamic ageing simply brine and 
xanthan, so oxygen scavengers/thermal stabilizer products present the mud 
formulation could be comprising a similar affect. To summarize, PEG added to 
potassium formate in combination with MagOx operates synergistically to largely 
improve xanthan stability, with 5% (v/v) essentially the optimum concentration 
for maximum stability benefits, which is in close agreement with laboratory 
findings by van Oort in 1997 (van Oort et al. 1997). In addition, years earlier; 
Wellington in 1983, agreed that a combination of sacrificial agent (e.g. glycol), 
high salt concentration in the brine and oxygen scavengers produce a synergistic 
result with regards to increasing the temperature stability of water-soluble 
polymers (Wellington 1983). 
Other alcohols, (MEA and Ecco Temp) were also efficacious in increasing stability 
when used in combination with MagOx. They are thought to act as sacrificial 
agents similar to that of the glycols (MEG/PEG), by which they prevent redox 
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depolymerisation by being preferentially oxidized instead of the biopolymer 
(Kulawardana et al. 2012). Sulphur containing antioxidants, interfere with the 
redox cycle by producing stable products to induce termination of destructive free 
radical species. Additives, such as Lamox NA which contain only one sulphur atom 
are the best known scavengers for the peroxide decomposing type (Wellington 
1983). With that said, it is important that the concentration of additives are 
determined for maximum effectiveness, for example from Figure 3.31; 2% 
Lamox NA actually decreases stability in the presence of MagOx but 0.5% Lamox 
NA is highly efficient, highlighting the relevance of limiting antioxidant/scavenger 
concentration – as more is less efficient than the correctly proportioned amount. 
 
3.4 The Effects of Synthetic Polymers in Formate Brines 
3.4.1 Qualification of Synthetics 
*Most of the initial qualification and hot-rolling testing on synthetic polymers in Cs/K 
formate were carried out by MSc student, Zhao Anderson during her three month 
laboratory project based at CSF. 
The development of high temperature synthetic polymers in oilfield applications is 
on-going due to the increasing demand for environmentally friendly water-based 
drilling fluids which can compete with their oil-based competitors for use in more 
extreme operating environments. Results from section 3.3.8 have confirmed that 
biopolymers, such as xanthan gum can be stable up to 200ºC for 16 hours in 
concentrated formate brines with the aid of additional stabilizing chemistries; 
synthetic polymers can be employed to push these stability limits further for 
longer exposure times. For this reason, it was decided to systematically qualify 
numerous water-soluble synthetic polymers combined with xanthan gum to create 
a “two phase” high temperature polymer system in Cs/K formate. Similar to 
section 3.2.1, buffered 2.0g/cm3 Cs/K formate brine (13.1g/L 
carbonate/bicarbonate) was used, at pH 10 as a standard to compare polymer 
viscosities before and after dynamic ageing at 185ºC HPHT temperature.  
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Table 3.12 Synthetic Polymer Products 
Brand Name® Generic 
Name/Composition 
Primary 
Function 
Manufacturer/Supplier 
4-mate Vis HT HML AMPS co-polymer Viscosifier Fritz 
ALL-TEMP Acrylate ter-polymer Deflocculant Baker Hughes 
AMPS 2404 
(powder) 
AMPS monomer Viscosifier Lubrizol 
AMPS 2405 
(solution) 
AMPS monomer Viscosifier Lubrizol 
Dristemp Acrylamide Fluid Loss Drilling Specialties 
HE 100 AMPS co-polymer Viscosifier Drilling Specialties 
HE 150 AMPS co-polymer Viscosifier Drilling Specialties 
HE 300 AMPS co-polymer Viscosifier Drilling Specialties 
HE 400 AMPS co-polymer Viscosifier Drilling Specialties 
Hostadrill 4706 Vinyl amide/vinyl 
sulfonated 
polymerase 
Fluid Loss Clariant 
Flodrill PAS 50 Partially hydrolysed 
polyacrylamide 
(PHPA) 
Viscosifier SNF 
Thermacheck Vinyl amide/vinyl 
sulfonate co-polymer 
Fluid Loss BAROID 
Thermacheck LV Vinyl amide/vinyl 
sulfonate co-polymer 
Fluid Loss BAROID 
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Figure 3.33 16- and 48-hr dynamic ageing of various synthetic products and xanthan in 
a 2.0g/cm3 Cs/K formate standard blend @ 185ºC (Rheologies were measured @ 50ºC as 
a standard, dotted yellow line represents base brine viscosity) 
Generally, synthetic polymers are notoriously difficult to hydrate in high 
concentrated formate brines, without significant energy from heat primarily. 
Therefore, xanthan was added in concentrations of 5.7g/L along with the same 
concentration of synthetic polymer as to ensure any un-hydrated synthetic 
material remained homogenous in solution when distributing between cells for 
dynamic ageing – thus the “two phase” system emerges. The viscosity of 5.7g/L 
xanthan in 2.0g/cm3 Cs/K formate is 44cP before dynamic ageing or BHR (orange 
dotted line); so any additional rheology is a result of the synthetic polymer 
partially hydrating in solution. As it is already known from section 3.3.3, that 
xanthan gum will have completely degraded after 16 hours at 185ºC, so the 
resulting viscosity should be purely a result of synthetic material.  
Figure 3.33 illustrates a sizable distribution between the effectiveness of 
synthetic polymers in 2.0g/cm3 Cs/K formate; with few products demonstrating 
their competency as potential HPHT viscosifiers at 185ºC. The HE100 and HE150 
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“hostile environment” polymers appear to be the most stable with regards to 
viscosity after 16 and 48 hours dynamic ageing. Interestingly, HE300 and HE400 
were designed to be more robust than the 100 & 150 series, but they are 
incompatible in 2.0g/cm3 Cs/K formate, as they clump together (see Figure 3.34 
left) to provide little to no viscosity in solution. Perhaps the high ionic nature of 
the brine is too great for the complexity of the polymer so it fails to hydrate – 
even after long term heating at HPHT temperatures. Also, as demonstrated in 
section 3.2.7; it may be the buffer and high pH inhibiting polymer hydration so 
lowering pH may quite possibly give very different results.  
Often, there is a limit to the positive effect of advanced polymer hydrolysis 
because if the degree of modification is too high, the polymer may become over 
sensitive to the salinity and/or hardness of the brine (Wever, Picchioni and 
Broekhuis 2011). This type of negative reaction has been observed in formates 
before, with another synthetic polymer; Driscal D® from Drilling Specialties (see 
Figure 3.34 right). This coincidentally was designed as an improvement to 
Dristemp® - which functions extremely well in Cs/K formate as a fluid loss 
additive but it does not exhibit great viscosity, according to Figure 3.33. 
Auerbach, 1985 recognized a similar issue with partially hydrolysed 
polyacrylamide (PHPA), where the presence of excess salt in solution causes the 
polymer to collapse into a tight ball with a low hydrodynamic volume and thus, 
reduced solution viscosity (Auerbach 1985). This finding is in general agreement 
with results in Figure 3.33, as PHPA didn’t seem to hydrate initially – looking at 
the BHR data; but did provide some viscosity after dynamic ageing.  
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Figure 3.34 2.0g/cm3 Cs/K formate and 5.7g/L HE300 (left) and Driscal D (right) 
Polymer “ball” after dynamic ageing for 16 hours @ 185ºC 
 
3.4.2 HPHT Viscosity Analysis of Best Performing Synthetic Materials 
For further analysis of the best synthetic polymers; the Haake MARS III pressure 
cell was utilized to obtain the full viscosity profile over 48 hours at a similar shear 
rate of 500s-1 @185ºC with ~20+ bar pressure applied (to inhibit sample boiling).  
Commercial in Confidence 
 
114 
 
 
Figure 3.35 MARS III HPHT viscosity data over 48 hours @ 185ºC (2.0g/cm3 Cs/K 
formate brine viscosity is ~2cP at 185ºC) 
The data measured from the HPHT rheometer (Figure 3.35) appears to be 
consistent with dynamic ageing results as the HE® polymers demonstrate 
excellent stability over 48 hours compared to the rest of the synthetics. It is not 
feasible to compare values directly, as the HPHT rheometer is measuring “real-
time” viscosity at 500s-1 (185ºC) continuously over 48 hours, and the dynamic 
ageing tests evaluate the degradation (or recovery) from extreme temperatures 
using the Fann35 viscometer at 511s-1 at 50ºC. However, a similar trend in 
stability for both can be observed. For example, the 4-mate Vis HT HML illustrates 
progressive degradation over time which is evident in both sets of results 
(Figures 3.33 & 3.35). In addition, fluid loss polymer Dristemp demonstrates a 
stable rheology over 48 hours with no signs of decomposition, indicating that it 
should still be “active” with regards to fluid loss. It is important to remember that 
these tests are designed to solely evaluate viscosity, so they may not truly 
represent a polymer’s genuine ability as a drilling fluid additive – as many of the 
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synthetics listed were designed for fluid loss control and not viscosifying power 
(i.e. Dristemp, Thermacheck Regular and LV). 
To confirm that the enhanced thermal stability of these synthetic polymers in 
Figure 3.35 is solely contributed to the high concentration of formate salt 
protecting the synthetic material at high temperatures; Anderson 2013, repeated 
dynamic ageing tests similar to section 3.4.1 using water as the base fluid as well 
as a substantially lower concentrated Cs/K formate brine (5.6mol/L). As a result, 
all best performing polymers; Dristemp, 4-mate vis HT HML, HE100 and HE150 
degraded almost completely after just 16 hours at 185ºC in both pure water and 
the lower concentrated formate analogue. However, viscosities before dynamic 
ageing were higher indicating that synthetic materials were more able to hydrate 
in aqueous and lower concentrated solutions (Anderson 2013). These elusive 
findings again, clearly illustrate the importance and respective value of 
maintaining a high concentration of formate salt in solution, with regards to 
polymer stabilization. 
Through further evaluation of the MARS III data and dynamic ageing tests, it was 
discovered that the HE® polymers exhibit very different physical behaviour with 
regards to rheology. HE100 demonstrated shear thinning characteristics in the 
Fann35 viscometer, obtaining a lower apparent viscosity at higher shear rates, 
whereas HE150 showed slight shear thickening behaviour after 48 hours with the 
viscosity at 1022s-1 shear rate being higher than at 511s-1 (see Figure 3.36). 
Occasionally, it has been reported that an increase in the degree of polymer 
hydrolysis for example; the modification from HE100 to HE150 during production 
can lead to an onset of shear thickening behaviour depending on the solute and 
polymer concentration (Wever, Picchioni and Broekhuis 2011). The shear 
thickening effect for HE150 was potentially further identified in the MARS III 
pressure cell (see Figure 3.35) as the test had to be aborted after ~16 hours as 
the rotor had overheated – the same test was repeated three times with the same 
occurrence. Therefore, it is entirely possible that the progressive thickening of the 
fluid at 500s-1 may have caused this unusual operating fault. With that said, it 
could instead have been the temperature thickening effect of the HE150 polymer 
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that caused the rheometer to break; thus the same fluid should be re-tested at 
lower shear rates to confirm whether the effect is shear or temperature 
thickening. 
 
Figure 3.36 Shear thinning effect of HE100 vs. shear thickening effect of HE150 polymer 
with Xanvis in 2.0g/cm3 Cs/K formate after dynamic ageing for 48 hours @ 185ºC 
Shear thickening behaviour can occur for certain polymers above a given shear 
rate (between 500-1000s-1 in this instance), as intramolecular associations such 
as hydrogen bonds are broken which extends the polymer chain, to promote 
stronger interchain polymer synergy and thus increased viscosity. For a 
pseudoplastic fluid (shear thinning), the application of shear disrupts both intra 
and interchain associations which leads to a reduction in solution viscosity (Wever, 
Picchioni and Broekhuis 2011). With that said, a shear thickening polymer is 
completely inappropriate for use in drilling fluids, where high shear is applied in 
order to drill faster with a lower viscosity fluid – so HE150 may not be suitable for 
certain applications. 
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3.4.3 Long Term Polymer Stability Tests 
Due to today’s advanced field applications, the operators demand for fluids that 
can withstand long-term high temperature requirements is increasing. With this in 
mind, the best performing polymers were dynamically aged for two weeks at 
185ºC to investigate their suitability in 2.0g/cm3 Cs/K formate for longer term 
hostile conditions. 
 
Figure 3.37 Viscosity of 5.7g/L Xanvis® and synthetic polymer (5.7g/L) in 2.0g/cm3 
Cs/K formate brine after 2 weeks of hot-rolling at 185ºC (yellow dotted line = 2.0g/cm3 
Cs/K formate brine viscosity is ~6cP at 185ºC) 
Surprisingly, Figure 3.37 demonstrates that synthetic polymers in fact show 
increased stability after two weeks at 185ºC, compared to after 48 hours so their 
ability to remain operational in HPHT environments is undoubtedly impressive. The 
enhancement in viscosity of each fluid after 14 days exposure to 185ºC suggests 
that the synthetic material is still hydrating and could potentially remain stable at 
this temperature for a further 3-4 weeks before degradation occurs. Moreover, 
Figure 3.37 provides encouraging data for hypothesizing the stability of certain 
synthetic polymers at even higher temperatures in the 2.0g/cm3 Cs/K formate 
blend, particularly with the HE® series 100&150. 
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3.4.4 Evaluation of HE® Polymers in Formate Brines 
The HE® (Hostile Environment) high molecular weight synthetic polymers were 
developed by Chevron Phillips Chemicals for use in completion, work over and 
stimulation applications. A number of desirable properties such as solubility in a 
wide variety of brines (namely the halides i.e. chlorides and bromides), with 
increased resistance to shear degradation and excellent thermal stability were 
targeted during the manufacturing process. However, during initial application of 
HE150 in acidizing treatments it was recognized to provide excellent friction 
reducing properties at very low polymer concentrations – drag reduction up to 
84% in straight pipe and 69% in coiled tubing when dispersed at 0.17g/L in fresh 
water. In the heavier brines, slightly higher polymer concentrations were required 
to achieve similar results. Further, HE150 was successfully used in the field for 
coiled tubing applications in the Haynesville Shale, North Louisiana producing 
significantly better friction reduction than conventional additives, with lower 
chemical loadings (Fox, Stouffer and Utley 2008; Fox and Bainum  2010). Thus, it 
is stimulating to add “proven stability in highly concentrated formate brines at 
HPHT conditions over a period of 14 days” to the HE® Polymers 100 &150’s 
credentials list, due to the undertaking of this novel research. 
After initial qualification and long term stability tests, it was decided to focus on 
evaluating stability limits for HE® polymers 100 & 150 as they seem to be by far 
the most robust additives in terms of viscosity control. Using the same 
concentrations as before (5.7g/L), HE® polymers and xanthan were dynamically 
aged for 16-hrs at 205, 220 and 230ºC. 
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Figure 3.38 16-hr stability of HE® polymers and xanthan in 2.0g/cm3 Cs/K formate 
brine (Newtonian brine viscosity of 2.0g/cm3 Cs/K formate is 6cP @ 50ºC) at 205, 220 and 
230ºC 
Results from Figure 3.38 demonstrate that HE® polymers, 100 & 150 are 
inherently stable after dynamic ageing at ultra-HTHP temperatures at relatively 
low concentrations (5.7g/L) which outperforms any other viscosifying agents 
previously tested for use in formate drilling fluids. Since the hot-rolling ovens for 
dynamic ageing are only suitable for temperatures below 232ºC, the MARS III 
HPHT rheometer was utilized to gain more information on the HE® polymers 
behaviour above this temperature, i.e. 250ºC.  
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Figure 3.39 MARS III HPHT viscosity data of 5.7g/L Xanvis and 5.7g/L HE® Polymer in 
2.0g/cm3 Cs/K formate over 21 hours @ 185 and 250ºC 
As expected, viscosities of HE® polymers are much lower at 250ºC than at 185ºC 
due to the thermal thinning effect at higher temperatures. However, it is 
encouraging to observe that rheology is generally stable for both polymers at 
250ºC after the initial drop at 2 hours, according to Figure 3.39 - this is highly 
likely to be the xanthan quickly degrading. In fact, it is possible to estimate on 
Figure 3.39 the duration for which xanthan gum fully decomposes at each 
temperature - as it’s the same decline in both HE100 and HE150 polymers (i.e. 
~10 hours @ 185ºC and ~3 hours @ 250ºC). Since HE® polymers do not hydrate 
in solution before heating, it is necessary for the xanthan to be present in the 
formulation for homogeneity at low temperatures. Therefore, the fluid provides a 
“two-phase” polymer system where xanthan gum implements initial suspension 
properties but the synthetic material assumes viscosity as it begins to hydrate 
when the sacrificial biopolymer; xanthan degrades. Fox et al., 2008 stipulated that 
the HE® polymers are normally sheared into liquid glycol ether initially, for ease 
of dispersion and to avoid “lumping” in the brine so perhaps alternative hydration 
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techniques are necessary if not combined with xanthan or other viscosifiers in the 
field (Fox, Stouffer and Utley 2008). Further, Maresh, 2009 filed a patent claiming 
that a formate compound is not required to achieve high temperature fluid 
stability, as long as the fluid contained at least one polysaccharide and enough 
synthetic (or polyacrylamide) material to bond with the biopolymer such that it is 
less likely to bond with free oxygen or radicals at high temperatures. However, 
this only provided stability up to the range of 135-162ºC, making it completely 
irrelevant compared to discoveries made in the present study with a system 
composed of a formate compound, polysaccharide and AMPS containing synthetic 
material which is stable at temperatures in excess of 250ºC (Maresh 2009). 
To evaluate the recovery of HE® polymers after exposure to 250ºC for 21 hours; 
shear rate vs. viscosity profiles were measured at 50ºC to compare with fresh 
samples not previously exposed to temperature (BHR). The “Xanthan BHR” 
yellow line is solely 5.7g/L Xanvis in 2.0g/cm3 Cs/K formate brine for control 
measures. Though, before even considering the effect of temperature on the fluid, 
it is evident from Figure 3.40 that the HE® polymers provide a synergistic effect 
when administered with xanthan as they do not provide viscosity individually in 
the 2.0g/cm3 Cs/K formate brine, albeit their contribution makes the fluid notably 
less shear thinning. 
Commercial in Confidence 
 
122 
 
 
Figure 3.40 Rheology of HE® Polymers (5.7g/L) with xanthan (5.7g/L) after 21 hours at 
250ºC (data measured at 50ºC) 
Using Figure 3.40, it is difficult to analyse the degree of polymer decomposition 
as the distribution of shear rate is so widely spread; however it is clear from 
observing the data that HE® polymers are still very much “active” retaining a 
300rpm/511s-1 viscosity value of 35 and 41cP @ 50ºC for HE100 and 150 
respectively, even without xanthan’s initial contribution (see Table 3.13).  
Table 3.13 Degradation of HE® Polymers and Xanvis after 21 hours at 250ºC (511s-1 
shear rate) 
HE® Polymer 
Viscosity of 
Control or BHR 
fluid (cP) 
Viscosity after 
21 hours at 
250ºC (cP) 
Viscosity 
Decrease 
(%) 
100 60 35 42 
150 100 41 61 
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Therefore, the viscosity decrease (%) could solely be result of the degradation of 
xanthan gum so these values are not truly representative of the synthetic 
polymers state of efficacy. To investigate exclusively the recovery of synthetic 
polymers; 5.7g/L HE® series in 2.0g/cm3 Cs/K formate solutions were prepared 
without xanthan and dynamically aged at 120ºC to induce polymer hydration. 
Rheologies were measured at 50ºC on the MARS III rheometer and their 
contribution added to Figure 3.40. Since the viscous characteristics of most 
polymers are far more pronounced at the lower shear rates (<300s-1), the graph 
was adjusted to focus on the viscosities at lower shear rates, or low shear rate 
viscosity (LSRV) (Figure 3.41).  
 
Figure 3.41 Difference in viscosities of HE® polymers and xanthan at LSRV before and 
after 21 hours exposure to 250ºC 
Again, Figure 3.41 demonstrates the clear synergistic effects between xanthan 
gum and the HE® polymers before heat exposure at LSRV, most notably with 
HE150. However, as xanthan degrades completely after a few hours at 250ºC (as 
observed in Figure 3.39), the recovery viscosities of both synthetics exhibit a 
0
200
400
600
800
1000
1200
1400
1600
1800
0 50 100 150 200 250 300
V
is
co
si
ty
 (c
P
) 
Shear Rate (s-1) 
Viscosity of HE® Polymers at Low Shear Rates 
Xanthan
HE100+XV BHR
HE150+XV BHR
HE100
HE150
Recovery HE100 250degC
Recovery HE150 250degC
Synergy effects 
with xanthan 
Commercial in Confidence 
 
124 
 
similar rheology. This implies that HE100 is more thermally stable, as its activity is 
the least varied according to Figure 3.41 and degradation characteristics in 
Table 3.13. This recommendation is corroborated with additional dynamic ageing 
tests using the same polymer system in Cs/K formate from Anderson, 2013 
(Anderson 2013). Also, measuring viscosities of HE® polymers without xanthan 
“HE100 & HE150” (see Figure 3.41) has confirmed the obvious synergy between 
synthetic material and xanthan gum, as they have a much lower viscosity than 
even the recovery fluid (with xanthan completely degraded after 21 hours at 
250ºC). It is likely that the HE® polymers had not fully hydrated (without 
xanthan) at 120ºC and a higher temperature is required in order to “activate” 
their viscosifying effects. Most importantly, as observed in Figure 3.37 with the 
long term dynamic ageing tests, the synthetic materials could still be hydrating in 
this ultra-HTHP environment protected by the Cs/K formate brine. Since these 
incredible synthetics have illustrated little degradation after 21 hours 250ºC, it 
was decided to test their performance at 300ºC – the absolute temperature limit 
of the MARS III HPHT rheometer. However, due to problems with the temperature 
sensor, the rheometer was unable to reach these temperatures and further 
technical assistance is required. This should be given high priority in further work 
to characterize the temperature ceiling of robust HE® polymers in Cs/K formate 
brine once the HPHT rheometer is back to operating conditions. 
Since the MARS III rheometer was temporarily “out of order,” the highest rated 
static oven can reach 250ºC, so fluids were statically aged for 16-72 hours to 
monitor any further degradation at 250ºC. 
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Figure 3.42 Viscosities of 5.7g/L HE® polymer and xanthan after static ageing @ 250ºC 
for varying time periods to monitor any degradation (pH dropped to around 9 after 64 
hours) 
Results from static ageing at 250ºC are fascinating in terms of the temperature 
endurance and reliability of HE® polymers in 2.0g/cm3 Cs/K formate – the longer 
duration exposed to 250ºC, the further viscosity builds, according to Figure 3.42. 
After 16 hours ageing, viscosity initially drops due to the degradation of xanthan 
gum affecting the HE® polymers hydration. But, after 16 hours the viscosifying 
power begins to slowly “kick-in” or hydrate which only becomes stronger over 
time (see Figure 3.42). If this staggering degree of stability is observed at 
250ºC, then it is stimulating to hypothesize the potential temperature ceiling of 
such enduring synthetic polymers in Cs/K formate brine. Already, it appears as 
though they may introduce exciting new prospects for highly concentrated formate 
systems in ultra and potentially extreme HPHT operations which will be discussed 
further in Conclusions and Future work. 
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In terms of the “two-phase” polymer structure at these temperatures, it was 
evident that xanthan gum had completely degraded into solid material which stuck 
to the side of the hot-rolling cell (see Figure 3.43). This is a clear reminder that 
creating a formate drilling fluid at 250ºC would be an extremely challenging 
process or may not be possible, with regards to maintaining fluid loss control etc. 
as most other additives are not nearly as robust. Be that as it may, HE® polymers 
could be utilized with Cs/K formate as high density, ultra-HPHT temperature 
completion or work over fluids e.g. fracturing or LCM pills. The fact that these 
synthetic polymers do not yield straight away until triggered by high temperature 
could be a potential advantage, as the fluid could be pumped easier and would 
only become “activated” down hole. 
 
Figure 3.43 Mineralized xanthan gum in hot-rolling cell after dynamic ageing for 64 
hours @ 250ºC (Photograph taken in CSF Laboratory) 
Static ageing tests do not subject the fluid to constant mechanical shear or 
“rolling” as with the other tests at high temperature so a slightly different 
rheological profile may occur. However, HE150 does not show any shear 
thickening behaviour after static/dynamic ageing or testing in the HPHT rheometer 
at temperatures above 185ºC (Figure 3.36). Perhaps the excessive temperatures 
inhibit the onset of shear thickening, thus creating a more appropriate balance of 
inter and intramolecular bonding between the polymer chains. Still, for use in a 
drilling or completion fluid, the concentrations of HE® polymers (especially 
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HE150) would need to be closely monitored and controlled as it is undesirable for 
fluid properties to change so drastically over prolonged heating. In this respect, 
HE100 is still the preferred synthetic additive. Careful fluid design can improve 
these properties which can be achieved through extensive formulation work to 
meet the prospective specifications.  
Moreover, it is essential to reiterate that a 2.0g/cm3 Cs/K formate is definitely not 
the best choice of brine for stabilizing polymers and stability could increase 
substantially using saturated potassium formate as the base fluid (section 3.3.3). 
Further, if a higher density is required; a 2.0g/cm3 Cs/K formate standard blend 
could be increased to a 2.1g/cm3 non-standard blend or thereof etc. to enhance 
stabilization by increasing the overall formate molar concentration (section 3.3.4). 
Thus, having already established a temperature stability for HE® polymers in 
excess of 250ºC in a suboptimum formate brine without any additional stabilizing 
chemistries, it is exciting to consider the potential temperature endurance of these 
polymers through further manipulation of the formate base.  
Since the exact chemistries of these HE® polymers is not known because of 
confidentiality issues with the suppliers, it is difficult to understand the 
mechanisms by which they resist decomposition in formate brines to such high 
temperatures. The small amount of information available is that they are based on 
variations of the AMPS monomer (2-acrylamide-2-methylpropanesulfonic acid 
sodium salt). The AMPS monomer is normally added to the main chain of the 
polymer backbone to improve salt tolerance as the strongly hydrophilic –SO3H 
group improves electrostatic repulsion and increases water solubility. The large 
side group of AMPS, also significantly reduces hydrolysis of the main polymer 
backbone at high temperatures due to the steric effect inhibiting polymer 
coiling/folding (Wu et al. 2012). In addition, Ezell et al. 2008 recommend using 
synthetic polymers modified with extremely hydrophilic monomers such as AMPS, 
as opposed to hydrophobic monomers in dense electrolyte rich brines so perhaps 
this is the key to the success of the less complicated HE® series polymers i.e. 100 
& 150, as opposed to 300 & 400 (Ezell et al. 2010). However, in the literature 
there are many contradictory statements made to explain the enhanced stability 
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of polymers using highly concentrated salts in solution. For this reason, it is 
impossible to compose realistic assumptions about the exact stabilizing 
mechanism of HE® synthetic polymers in 2.0g/cm3 Cs/K formate brine without 
knowing more about their generic chemistries.  
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Chapter 4 : Conclusions and Further work 
4.1 Conclusion 
This novel research has identified a number of distinguishing characteristics about 
the activity of polymers in formate brines, which has altered the understanding 
and future approach to increasing viscosity and maintaining stability at extreme 
temperatures in high salt concentrated polymer solutions. Contrary to popular 
belief, this research has shown that the viscosity of most biopolymers and xanthan 
gum actually increase in highly dense salt solutions, such as the formates after 
the critical concentration of polymer has been exceeded (in this case <8.57g/L). 
Generally, the polymer viscosity develops with increasing formate salt 
concentration and decreasing water activity so the mindset that polymers cannot 
yield in the absence of water is completely misguided on this occasion. The 
mechanism to which formate salts increase the viscosity of polysaccharide 
solutions is predicted to be through enhanced intra and intermolecular hydrogen 
bonding which increases the overall molecular weight of polymer. The increased 
interaction is promoted as a result of lack of “free space” in solution and possibly 
suppression of electrostatic associations, which allows individual polymer chains to 
come into much closer contact with one another, due to lack of ionic repulsion. 
This research has also shown that only xanthan gum can hydrate sufficiently at 
natural pH (10) in buffered formate brines, where other biopolymers i.e. welan, 
guar, and CM guar struggle with this level of alkalinity and require the pH to be 
lowered in order to increase viscosity properties. Since most of the biopolymers 
exhibit higher viscosities at the same pH (7) in concentrated formate brines than 
in pure water, then it is decidedly not the extreme saline environment affecting 
hydration properties, but more the high alkaline pH or buffer. This is a significant 
discovery with regards to polymer behaviour in formate brines, as the reluctance 
of polymers to yield was formerly thought to be attributed to the mass 
concentrations of salt dissolved in solution and lack of “free water” for hydration. 
Furthermore, the biopolymer scleroglucan was found to be completely ineffective 
in high concentrated formate brines at any pH, whereas previous literature had 
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suggested it had been compatible (Howard 2009), but only in extremely low 
concentrations of formate salt (Gallino et al. 1996). 
Also in contradiction to the literature; results confirm that the physical presence of 
carbonate/bicarbonate can have a detrimental effect to the viscosity and Tm of 
xanthan gum in highly concentrated formate brines. It was found that increasing 
pH without the use of buffer considerably reduces solution viscosity (due to the 
suppression of intramolecular hydrogen bonding), but ultimately pH alone has 
little effect on the xanthan Tm in both caesium and potassium formate solutions. 
In general, the temperature stability of xanthan gum and other biopolymers in 
concentrated formate brines can be optimized by increasing formate molar 
concentration in the same manner as with increasing viscosity. Moreover, the 
formate ion is a strong kosmotrope or “water-structuring” anion that 
demonstrates stabilizing and salting-out effects on proteins and polymer 
macromolecules (Zhang and Cremer 2006). The present study has confirmed that; 
the order of stabilizing effects of individual cations in formate solutions generally 
follows the Hofmeister series of cations; Li+, Cs+, Na+, K+ with the response 
becoming more pronounced at higher salt concentrations. Also, with regards to 
the formate blends; stability of polymers can be increased by losing water creating 
a more concentrated solution to increase the rigidity of main chain backbone, thus 
reducing the available sites for decomposition reactions to take place. 
Additionally, the current caesium formate stock (2.20g/cm3) has demonstrated 
significantly greater stability properties with regards to xanthan gum than 
previously documented in the Formate manual (Howard 2009). For example, the 
xanthan Tm in 2.20g/cm
3 caesium formate was 177ºC - a 20ºC increase from the 
Tm measured in earlier publications. This could potentially be contributed to the 
higher concentration of contaminants due to lower availability of “high grade” 
pollucite at the Tanco mine, or the slightly different measuring techniques.  
Through initial biopolymer qualification testing, it has been confirmed that xanthan 
gum is by far the most stable biodegradable viscosifier for use in formate drilling 
and completion fluids, also in terms of ease of use as it can still hydrate without 
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having to lower pH to neutral. With regards to evaluating different thermal 
stabilizer products; an optimized combination of 5% polyethylene glycol (200 
g/mol) and 5.7g/L magnesium oxide were found to react synergistically to inhibit 
xanthan degradation in potassium formate up to 200ºC for 16 hours without the 
use of synthetic polymers. The saturated potassium formate brine (1.57g/cm3) 
had no carbonate/bicarbonate present, however since magnesium oxide is a 
natural buffer, it ensured pH remained above 10 even after dynamic ageing at 
200ºC. 
Through a lengthy characterization process of various synthetic polymers in 
2.0g/cm3 Cs/K formate brine; two successive polymers have prevailed. HE® 
polymers 100 & 150 series from Drilling Specialties have exhibited proven stability 
over 64 hours at 250ºC with their viscosities actually increasing with the 
prolonged exposure time, being crucially protected by the high concentration of 
formate salt in solution. With superior HPHT laboratory measuring techniques, it is 
predicted that HE® polymers will remain stable at temperatures over 280ºC.  
Although HE® polymers have impressed so far by their ultra and potentially 
extreme HPHT stability measures, they suffer hydration difficulties initially in the 
formate brine unless combined with suspending agent; xanthan gum. In fact, 
biopolymer and synthetic material impart synergistic effects before any heat 
exposure as they produce a substantially higher rheology combined than 
administered at the same concentration individually. Thus, a “two-phase” polymer 
system is created to maintain a stable viscosity through various temperatures the 
fluid may experience in the field.  
Due to conclusions drawn from the present study, the understanding of natural 
and synthetic polymer behaviour in formate brines has transformed from the prior 
“trial and error” approach, into generating more educated decisions as how to 
achieve desired viscosity specifications with the corresponding base brine. 
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4.2 Further work 
Engineering a good HPHT drilling fluid is about managing an appropriate balance 
between individual additives to support each other’s specific functions. The luxury 
of working with formate drilling fluids is that generally there are only two 
properties required of the additives; viscosity and fluid loss control, which makes 
formulating formate muds a lot simpler. This is due to the fact that the base 
formate brine fulfils the rest of the desired mud characteristics for example; 
density, lubricity, biocide, shale inhibition, corrosion inhibitor, alkalinity, polymer 
stabilizer etc. which are normally obtained from additional products. Therefore, it 
is especially relevant to further study the synergy effects between successful 
polymers and products e.g. xanthan gum, HE® polymers, MagOx, and PEG and 
utilize these in future mud formulations.  
In order to incorporate new successive polymers/additives into the original mud 
composition for higher temperature application, it is highly recommended to 
monitor their effects individually on the standard products and ensure their natural 
synergy with one another is not influenced by the new synthetic additions. Also of 
utmost importance; is that the optimal concentration of additives is determined for 
maximum effectiveness. In addition, a significant challenge with regards to 
creating a formate drilling mud; is the fluid loss concern which has not been 
investigated during the course of this research. Therefore, laboratory resources 
must be utilized towards the development of fluid loss additives which can 
withstand similar ultra-HPHT temperatures as the extremely robust HE® 
polymers.  
In terms of the alkalinity effect on polymers, more laboratory research is required 
to suitably understand the relationship between pH and buffer in optimizing 
hydration and stability effects in full mud formulations and also in synthetic 
polymers. Further, magnesium oxide can be employed as an alternative buffer for 
formate drilling fluids; to develop improved hydration techniques for other 
biopolymers which do not hydrate at high pH with carbonate/bicarbonate present 
for example, welan gum.  
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With regards to stabilizing additives, dynamic ageing tests have proved that 
certain additives inhibit the thermal degradation of xanthan a lot more than 
others. Therefore, it would be interesting to measure Tm of xanthan combined with 
most successful products to gain a better understanding of their stabilizing 
mechanism.  
As a result of synthetic polymer characterization, HE® polymers from Drilling 
Specialties have shown outstanding resistance to degradation in 2.0g/cm3 Cs/K 
formate brine to the extent where the measuring equipment is not suitable for 
such adverse testing environments. To identify these polymers true temperature 
potential, an improved pressure cell for the MARS III must be implemented, since 
the current device cannot satisfy the demand of extreme HPHT testing. For this 
reason, it is compelling to envisage the potential high density field applications 
that formate fluids may be considered for in the growing ultra and extreme HPHT 
market, seeing as previous utility of formate brine and polymer has never 
exceeded 200ºC (Messler et al. 2004). 
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Chapter 6 : APPENDIX 
Clearly Different  
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Clearly Cloudy 
Poster Presentation for SPE Bergen, April 2013 
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